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xABSTRACT
Influence of Aqueous-Salt Conditions on the Structure and Dynamics of the Monomeric and Novel Dimeric 
forms of the Alzheimer’s Aβ
21-30
 protein fragment
Micholas Dean Smith
The behavior of the Alzheimer’s related peptide Aβ is the subject of much study. In typical computational 
studies the environment local to the peptide is assumed to be pure water; however, in vivo the peptide is 
found in the extracellular space near the plasma membrane which is rich in ionic species. In this thesis, the 
hypothesis that the presence of group I/IIA salts will result in increased sampling of disordered structures as 
well as modify the dynamics of meta-stable structural motifs in the small folding nucleus of the Aβ peptide 
(Aβ
21-30
) is examined under a variety of ionic environments and was shown that of the tested salts, CaCl2 
(and MgCl2, to a much lesser degree) did increase the propensity for disordered states; while, the group 
IA salts, KCl and NaCl, had little effect on the secondary structure of the peptide. Further, study of three 
familial mutations of this peptide region is also performed under aqueous salt-environments to elucidate 
further mechanistic details of how aqueous salts modify the region’s behavior. Finally, as experimental 
results have highlighted that aggregation rates of the full-length peptide are modified by the presence of 
CaCl2, this work examines novel dimers states of Aβ21-30 and their stabilities when exposed to CaCl2.
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CHAPTER 1: INTRODUCTION
This work focuses on the interplay of the Amyloid β Decapeptide Fragment 21-30 (Aβ
21-30
) and its local 
environment. This chapter provides a brief summary characteristics of Alzheimer’s disease, its connection 
to Amyoid β (Aβ), the production and general characteristics of the full-length Aβ peptide (along with three 
interesting mutants) and the importance of the Aβ
21-30
 fragment. Additionally, a brief section on salt-protein 
behavior is provided. Finally, this chapter concludes with an overview of the remaining text.
1.1  Project Motivations
The overarching motivation for the studies presented below are two fold: one focused on adding to 
the general understanding of the dynamics of Aβ
21-30
 in environments closer to in vivo conditions than 
previously reported and (second) examining salt-peptide interaction mechanisms and their consequences on 
protein folding and Aβ aggregation. 
1.2  Alzheimer’s Disease and the Amyloid Cascade Hypothesis
Alzheimer’s Disease (AD) is a neurodegenerative disease first characterized by Alois Alzheimer in a 1907 
paper: Über eine eigenartige Erkrankung der Hirnrind 12. Alzheimer’s work first reported the existence of 
tangles of “neurofibrils” (what are now considered) senile plaques, and brain atrophy in an elderly women, 
who in her last four years of life, was placed into an insane asylum while exhibiting rapid loss of memory, 
auditory hallucinations, and general confusion, while her reflexes, initially, were found to be largely 
unimpaired. Nearly seventy years after Alzheimer’s reports, Robert Katzman and colleagues34 published 
a series of work estimating that deaths due to Alzheimer’s disease were the forth or fifth most common 
cause for the elderly within the United States, which motivated further study of the disease. By the end of 
the 1980’s work by George Glenner and Cai’ne Wong5 had shown that the Amyloid-β protein (Aβ) could 
be purified from the senile plaques associated with Alzheimer’s disease. In the same decade,Wischik et 
al6,7 also showed that the tau-protein was a major component of the neurofibril tangles associated with the 
disease. 
 After the isolation of the disease associated proteins, the connection between the proteins and 
the neuronal degradation was not immediately clear; however, in 1992 Hardy and Higgins8 proposed a 
unifying hypothesis, known as the Amyloid Cascade Hypothesis (ACH), to connect the proteins, their 
aggregate structures (amyloid-fibrils/plaques and tau-tangles), and neuronal cell death. The hypothesis 
went as follows: production of insoluble Aβ fibrils begins a cascading process, where the fibrils deposit 
onto neuronal cells and form senile plaques which modify the calcium homeostasis of the cells, which then 
acts to modify the phoshoryalation of the tau-protein. This modification to the phoshoryalation of tau leads 
to the production of hyper-phosphorylated tau, followed by the aggregation of the hyper-phosphorylated 
proteins into neurofibrillaly tangles, which then lead to cellular death. Over the course of the 1990’s and 
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early 2000’s, evidence that the Aβ fibrils were not the neurotoxic agents beginning the cascade, but instead 
pre-fibrillar oligomeric species were the proximal agent was introduced9-15 . With the accumulation of this 
evidence against fibril driven neurotoxicity, the ACH was modified to instead state that small, soluble 
oligomers of Aβ are the initial step in the cascading process. 
1.3  The Amyloid-β Protein
 1.3.1 Full-Length Aβ Characteristics
Aβ monomers are generated through the protelyic cleavage of the membrane bound Amyloid Precursor 
Protein (APP)16. This cleavage is a normal metabolic process17, and releases an Aβ monomer of a varied 
number of residues into the extracellular space near the cell’s plasma membrane. This process is performed 
by a combination of β- and γ-secretase, where during the proteolytic cleavage, the membrane bound APP 
is cleaved at its 671st residue and near its 710th residue, with the β-secretase first acting on APP which 
generates a small membrane bound fragment, and γ-secretase releasing this fragment from the membrane.
 Following the cleavage of Aβ from APP,  the resulting Aβ monomer is typically between forty 
and forty-two amino acids (hereto referred to as residues) in length, with the forty residue variant (Aβ
40
) 
being the most common form18, 19, and the forty-two residue variant (Aβ
42
) being a pathologically relevant 
variant9, 18. Additionally, although the forty and forty-two residue lengths are frequently studied, they are 
not the only possible lengths of the monomer, which includes variants with lengths between thirty-six and 
forty-three residues in length20. 
 For the most commonly studied full-length monomers ( Aβ
40
 and Aβ
42
), the primary structure 
(residue sequence) is: DAEFRHDSGYEVHHQKLAEDVGSNKGAIIGLMVGGVV/IA, where the “/” 
denotes the “extra” 41st and 42nd residues in Aβ
42
. This sequence can be broken up into five different 
sections, 1)  the N-terminus taken (D1-E11), 2) the central hydrophobic core (L17-A21) denoted as CHC, 
3) the protease resistant decapeptide region (A21-A30), 4) the mid-hydrophobic region (I31-V36) denoted 
as MHR, and 5) the C-terminus (V39-V40/A42, depending on variant). In addition, Aβ monomers have 
been classified as being intrinsically disordered proteins and exhibit a wide ensemble of structural motifs at 
equilibrium; though, β-hairpin and β-sheet like structures are predominant characteristics. 
 1.3.2 Aβ21-30 Characteristics
In an effort to better understand how oligomerization is initiated in Aβ
40/42
 Lazo et al21 performed a series 
of limited proteolysis experiments, along with mass-spectrometry and solution-state NMR on the wild-
type (WT) variant of Aβ
40/42
. A particularly interesting result from Lazo et al’s work was the discovery that 
the 21-30 segment of Aβ
40/42
 was protease resistant within the full-length proteins and as its own fragment. 
Additionally, this work found that the Aβ
21-30
 decapeptide had a turn element formed by the 24th and 28th 
residues. These results, in combination with previous work by Neira et al, on similar systems22, 23, led to 
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the hypothesis that the Aβ
21-30
 decapeptide may act as the folding nucleus that initiates the oligomerization 
pathway for the full-length variants (Aβ
40/42
).
 Following this hypothesis studies by Cruz2425, Rao26, Chen27, Fawzi28, and others29-34, have sought 
to characterize this region through a combination of computational and experimental methods. From these 
studies a general consensus on a number characteristics has been reached, those being: 1) Aβ
21-30
 is an 
intrinsically disordered peptide with a structural ensemble sampling coil, turn, and metastable β-hairpin 
conformations, 2) the turn and metastable hairpin conformations are supported by intrapeptide hydrogen-
bonding and salt bridges, and 3) a distinctive bend in the decapeptide is centered between Val24 and Lys28. 
 Two important notes about the metastable β-hairpin mentioned above should be stated: one 
concerning its existence and another concerning its metastable lifetime. First, although, a number of studies 
have demonstrated the existence of metastable β-hairpins for the decapeptide, two studies, a combined 
NMR/Molecular Dynamics (MD) study by Fawzi and a stand-alone MD study by Lin et al35, fail to find 
this state. Evidence (presented in appendix B), however, has suggested that the two conflicting reports may 
have been subject to force-field bias, with Fawzi’s et al NMR interpretation skewed by their accompanying 
MD simulations. Second, measurements by Cruz et al25, have shown that the lifetimes of these metastable 
states are of the order of ~100ns (possibly long-enough of importance for nucleating behavior in the full-
length peptide), with slight dependence on the register of the hairpin (whether salt-bridge/HBs stabilizing 
the hairpin are formed between Glu22-Lys28, Glu22-Gly29, Glu22-Asn27, or Asp23-Lys28).   
 Interestingly, many of the mutations to Aβ
40/42
 associated with Familial Alzheimer’s Disease (FAD) 
and Cerebral Amyloid Angiopathy (CAA) are found within the 21-30 region. Studies of these mutations 
have also elucidated25.31.33,37 38 a number of interesting modifications to the behavior of the 21-30 region 
with these point mutations. The results from these additional studies have revealed that the Dutch (E22Q) 
and Arctic (E22G) forms of the decapeptide reduce the formation of salt-bridges between position 22 and 
28 and weaken the stability of the bend/turn motif between the 24th and 28th residues when compared to 
the WT decapeptide, though, the Dutch mutant is found to increase the lifetimes of metastable β-hairpins 
substantially (~500ns). Additionally, the Arctic and Dutch mutants are also found to preserve much of 
the hydrogen-bond network between 24th-28th, despite their weakening of the bend/turn motif centered 
near there, and maintain a similar abundance of β structures to that of the WT (roughly ~12% sampled 
structures). The Iowa mutant (D23N), on the other hand, has been demonstrated to have the ability to 
sample a different conformational space compared to the WT and other mutations (as noted in the previous 
section) and has a high propensity for β structures (roughly ~32% sampled structures) and lifetimes of these 
metastable β states equal to or larger than 500ns  (in a fashion similar to the Dutch mutant). Additionally, 
for all of the mutants mentioned above, the severity and pathogenesis of FAD may be correlated with the 
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behavior of these mutants25.
1.4  Biologically Relevant Salts and the Hofmeister Series
Extracellular and cellular environments are rich with ionic salts (MgCl2, CaCl2, NaCl, KCl and others) and 
are crucially important to a vast array of biological behaviors necessary for homeostasis, including (but not 
limited to): regulation of water homeostasis39, cellular signaling40, and the structure of DNA41. Further salt 
concentrations in biological context vary several orders of magnitude, from ~10-7M to ~100M, depending 
on the local region of interest (higher values near membranes and ion-channels, and lower concentrations in 
the form of small intra-cellular signals)42.
 In addition to being present in vivo, an in vitro based ranking of biologically relevant salts 
according to their ability to “salt-in” and “salt-out” the protein Lysozyme43 has been a source of study 
for nearly a century44-51. This ranking, known as the Hofmeister series, has two forms, one for cationic 
species and one for anionic species and are as follows: Ba2+ > Ca2+ > Mg2+ > Li+ > Cs+ > Na+ > K+ > NH
4
+ > 
(CH
3
)2NH2
+ > (CH3)
4
N+ and  CNS- > I- > Br- > Cl- > CH
3
COO- > SO
4
2- > PO
4
3- > F-; where the “>” signifies 
the direction of most strong “salt-in” effect52 and the boundaries for salts to act predominately as “salt-in” 
agents over “salt-out” are Na/K+ and Cl-. Interestingly, this same ranking applies to a variety of other ion-
induced effects on biomolecules including alterations to:enzyme activity45, 46, 50, stability of biomolecules44, 
protein-protein interactions51, and the crystallization of biomolecules48. For nearly a century it was thought 
that the interaction mechanism driving these salt-induced effects was that the salts made modifications to 
the hydrogen-bond network/structure of the surrounding water, the “salting-in” salts being categorized as 
chaotropes (structure breakers) and those that “salt-out” as kosmotropes; however, recent experimental47, 
49 evidence has shown that substantial changes to water structure, outside of the first/second solvation 
shells of the salts is limited, and that specific-ion interactions may be a driving factor, leading to increasing 
investigation of salt-biomolecule interactions. 
1.5  Overview of Thesis
In order to complete the investigation highlighted in section 1.1, chapter two will provide a concise 
description of the simulation techniques used in the remainder of the work along with descriptions of the 
measures used to quantify the behavior of Aβ
21-30
 under the various salt rich environments. Chapters 3-5 all 
begin with a short section describing the motivation of that chapter’s study, followed by a short description 
of the relevant simulation details of the study the reported in that chapter. The chapters then conclude 
with a presentation and limited discussion of the results from that chapter’s subject of study. Chapter 3 
examines the influence of dissolved group I/IIA-Chloride salts (CaCl2, KCl, NaCl, and MgCl2) on the 
folding of the WT form of Aβ
21-30
. Chapter 4 expands on the work of the previous chapter and presents the 
findings of a similar study focused on the folding of the Dutch, Arctic, and Iowa mutants when exposed 
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to aqueous environments with dissociated KCl and CaCl2. Chapter 5 provides evidence of novel Aβ21-30 
dimer states and characterizes their stability under both aqueous environments and aqueous environments 
with dissociated CaCl2. Chapter 6 concludes this work with a discussion of the overarching ion-protein 
interaction mechanisms explored throughout the text. Additionally, chapter 6 also poses a hypothesis 
between Calcium’s interaction mechanisms and the its experimentally observed effect of increasing Aβ 
fibrilization.
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CHAPTER 2: METHODOLOGY
2.1  Chapter Introduction
This chapter provides an overview of the computational techniques used throughout all of the studies 
presented in the remainder of the work. The chapter begins with a short introduction to the philosophy of 
all-atom molecular dynamics, followed by a discussion of the force-field and water model choices made for 
the individual studies presented. The remainder of the chapter introduces the qualitative and quantitative 
measures used in the following chapters. 
2.2  All-Atom, Explicit Solvent, Molecular Dynamics
Molecular dynamics (MD) is one of many simulation techniques used in the study of the behavior of 
nanometer scale assemblies (such as proteins, polymers, water, or organic solvents) at atomic resolution. 
All-atom MD simulations treat nanometer scale assemblies as pseudo-rigid bodies made up of classically 
treated individual atoms. By classical, the motion of the atoms in this system are treated as classical point-
masses and their motions are dictated by the integration of Newton’s laws of motion. In order to accurately 
account for interactions between the particles, force-fields derived from quantum-mechanics calculations 
and/or experimental studies are used to provide interaction potentials describing Lenard-Jones (LJ) and 
electrostatic (ES) effects. Additionally, to account for molecular structures, various algorithms (such as 
LINCS53 and SETTLE54) are use to impose constraints to “hold” atoms belonging to the same molecule 
together. As an aside, it should be noted that as the simulations are classical, the formation of covalent 
bonds is not allowed and modifications to the electronic structure of molecules are not performed during the 
course of a simulation (though alternative methods exist that account for these other modifications, such as 
CPMD55).
 MD simulations are typically performed in four steps: 1) Construction of the system of interest, 
2) Energy minimization, 3) Position constraint equalization, and 4) Production of long-time trajectories 
for analysis. In the construction of the system of interest two critical decisions must be made a priori: 
simulation box type and size (periodic or closed and either simple cubic, rhombic, or octahedron) 
and the statistical ensemble (NVT or NPT or NVE, and so on) of interest. The choice of box type is a 
computational convenience and useful in preserving specific conserved quantities (e.g octahedron preserves 
the conservation of angular momentum) and can be used to increase the speed of simulations, while the 
choice of statistical ensemble determines which system variables are allowed to vary. Additionally, the 
choice of statistical ensemble determines what type of external couplings are necessary, such as pressure 
coupling/barostats and temperature coupling/thermostats.
 In the case of all-atom, explicit solvent MD, once the box and ensemble/system variables are 
chosen, the solute of the system of interest (in the case of the studies presented here, peptides) is placed 
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into the center of the box and has the solvent (in the cases below: water) molecules placed around the 
solute such that there are no overlaps and that the box has the prescribed density. If there are co-solutes of 
interest, these are then placed into the simulation box by randomly replacing a specified number of solvent 
molecules.
 Once the simulation box is constructed the system undergoes an energy minimization step. 
This energy minimization is performed to relax the system towards equilibrium, as the placement of the 
particles in the construction step was random and has likely moved the system to a non-equilibrium state. 
Minimizing the energy is typically performed by computing the potential energy of the system and the 
maximum force between each particle and then re-arranging the particles according to a steepest-decent 
step until either a convergence is reached or a set maximum number of steps has been performed. 
 With the completion of the energy minimization step, velocities are assigned to the particles and 
an additional equilibration step is performed. Unlike the energy minimization step above, a steepest-decent 
type algorithm is not used, instead solute particles are fixed to reference positions and solvent molecules are 
simulated for a short period of time to relax the system. This relaxation is important, as the assignment of 
velocities from a sampling of a Maxwell distribution corresponding to the system parameters is performed 
randomly, which may result in the production of regions within the simulation where the solvent is in 
a non-equilibrium state and if the simulation were to begin at with these states may result in drastic, 
unrealistic, modifications to the structure of the solute.
 Following the above equilibrium steps, production run trajectories are generated where the 
solute is allowed to move free of its previous reference state. These trajectories are typically millions of 
integration-steps in length and translate to realizations of the behavior of nano-systems on the timescale of 
hundreds of nanoseconds to microseconds. With the completion of a production trajectory, analysis begins. 
As with any typical experimental method, a single realization (in this case a single trajectory) is normally 
insufficient to make any conclusions, and as such there are frequently many of production trajectories 
produced and used for analysis.
2.3  Force-field and Water Model Choice
The accuracy of any all-atom molecular dynamics simulation depends on the proper choice of force-
field and water model. In the studies presented here, the OPLS-AA force-field along with the TIP3P56, 
57 water model were chosen58, 59. The choice of OPLS-AA as the force-field is to provide the ability to 
allow easy comparison to the results of previous work by Cruz24, 25 and Rao et al 60, 26. Furthermore, recent 
work 61, 62 (also see Appendix B) has demonstrated that the OPLS-AA force-field accurately samples the 
conformational spaces of Aβ
21-30
, Aβ
16-22
, and Aβ
1-40
. 
 As an additional note, prelimary work by Smith et al86 noted that with the TIP4P water model 
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ion-protein behavior is erroneous, in that Ca2+ ions were observed to form crystal-like structures near the 
surface of Aβ
21-30
. As this thesis is concenered with ion-protein interactions, the TIP3P water model is used 
instead of the newer TIP4P.
2.4  Protein Structure and Dynamics Measures
Protein structure and dynamics are quantified in the following studies in four different measures: secondary 
structure distributions, intrapeptide hydrogen-bonding, radius of gyration, and secondary structure 
lifetimes. Additionally, for the study of dimer structures the following were used: Secondary structure 
distributions, dimer state classifications (provided by interpeptide HB measures and Chain-Chain End-
to-End dot product measurements, described below), dimer state lifetimes, and interpeptide hydrogen-
bonding. The above measurements were facilities by either the use of the Visual Molecular Dynamics 
software package’s (VMD63) TCL extensions or the use of GROMACS64-67 analysis utilities.
 2.4.1 Secondary Structure Classification Scheme
In many molecular-dynamics studies of protein folding secondary structure measurements are made at a 
residue by residue basis with the use of a secondary structure dictionary such as DSSP68 or STRIDE69, 70. In 
this work’s study of monomeric Aβ
21-30
, a single secondary structure for the entire decapeptide is measured, 
this is justifed in that the peptide is only ten residues long and results of work by Chen et al27 demonstrated 
that the decapeptide’s conformational space can be divided into three different families, and as such, it is 
convient to use a full-length secondary structure classification scheme for this decapeptide. Measurements 
from STRIDE’s per residue classifications are used to assign a secondary structure for the entire chain to 
belong to one of four categories consisting of: β-hairpin/bridge, turn, helix, or coil conformations. This 
classification is performed by the following rules: β secondary structures are any combination of two 
or more STRIDE bridge (B) or extended (E) classifications separated by at least one residue. STRIDE 
“words” such as CCEETTEECC or CBTCTTTBCC would then be considered β secondary structures for 
the entire chain. It should be noted, that since Aβ
21-30
 is only ten residues in length the β structures from this 
classification are closer to β-turns/hairpins than β-sheets in the conventional sense. Helices are classified 
as being any structure not previously classified as a β-structure that has three or more adjacent residues 
classified as H/G/I by STRIDE (eg. CCCCHHHCCC). Turns are classified as being any STRIDE “word” 
that would be either a β or a helix but have the turn (T) residue classification in place of the necessary β 
or helical residue, with the exceptions that in the case of a previous helical structure at least a forth “T” 
residue is necessary and that for subsitutions of β structure that only contains the first/second and ninth/
tenth residues are not considered turns. Examples of turn structures include: CTTTTTTTCC, CTTCCTTTT, 
or CCCCTTTTCC, though many variations exist. Coil secondary structures in this scheme are considered 
all non-helix/β/turn “words.” An AWK program that assigns ten-letter STRIDE “words” into these 
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classifications is provided in appendix A.
 2.4.2 Intra/Interpeptide Hydrogen-Bonding
Intrapeptide and interpeptide hydrogen-bonding (HBs) were measured with a distance cut-off of 3Å and a 
bonding angle of 20°. In studies of the monomer specific HBs and salt-bridging (using the same definition 
for a HB but with the added constraint that it be between oppositely charged residues) between Asp23-
Ser26/Asn27, Glu22-Ser26/Asn27, and Glu22/Asp23-Lys28 are measured, in addition to the total number 
of intrapeptide HBs per frame. For the study of Aβ
21-30
 dimers, average number of HBs per frame contact 
maps are generated. 
 2.4.3 Radius of Gyration 
In order to provide a measure of compactness, the radius of gyration was also used as a measure. The radius 
of gyration is defined as the square-root of the mass-weighted average of the square distances of individual 
atoms from the center of mass of the molecule to which they belong. Where reported in this work, the 
radius of gyration is computed for each individual frame to generate a timeseries for a given trajectory. 
The series is then histogrammed (binned) equally to produce an empirical distribution of the radius of 
gyration for that trajectory. The average distribution of all of the trajectories with the same environmental 
parameters are then computed and reported.
 2.4.4 Dimer Chain A/B End-to-End Dot Product
In order to determine if two Aβ
21-30
 monomers are in parallel or anti-parallel alignments with respect to 
one another, a Chain-Chain (also indicated as Chain A/B) End-to-End dot product is measured, with -1 
indicating a perfectly anti-parallel alignment and 1 perfectly parallel. To obtain this measurement a unit 
vector from the N-terminus to the C-terminus for each monomer is constructed in VMD. Once these vectors 
are constructed the dot product of these vectors is computed.
 2.4.5 Dimer Structure Classification
Using a combination of the number of interpeptide HBs and Chain A/B End-to-End dot product 
measurements four states were found: anti-parallel dimer, parallel dimer, disordered dimers, or non-dimer 
by building two dimensional histograms of the Chain-Chain End-to-End dot product versus the number 
of interpeptide HBs. Chain-Chain End-to-End dot products between -1/1 and  -0.70/0.7 (inclusive) and at 
least 3 interpeptide HBs are labeled anti-parallel/parallel dimers; while, non-dimer states were taken as any 
system state with less than 3 interpeptide HBs. The disordered dimer states are defined as configurations 
with 3 or more interpeptide HBs but Chain-Chain End-to-End dot products between -0.7 and 0.7 
(exclusive). 
 2.4.6 Dimer Energy Landscapes
In addition to revealing the four “dimer” states, the two-dimensional histogram noted above, was also taken 
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to be the dimer energy landscapes. Bin sizes were chosen such that the griding for the landscape is 14 by 
14. A color scale from red to blue is used to indicate areas of low energy (high frequency of appearence) to 
high energy (low frequency of appearence).
 2.4.7 Lifetime Measurements
To measure the dynamic behavior of the conformations measured in the presented studies, secondary 
structure and dimer-state lifetimes were measured. In order to obtain these measures an autocorrelation-
exponential fitting method was used on binary time-series generated from the secondary structure and 
dimer-state classification schemes. In the studies of monomer behavior, the full-chain secondary structure 
measurements produces a time-series where a the decapeptide is in one of four states for any given saved 
frame, while in the study of Aβ
21-30
 dimers, a similar time-series is generated that indicates whether the 
system is in an anti-parallel, parallel, disordered dimer, or non-dimer state. These four and three-state time-
series are broken into four/three  binary time-series, one for each secondary structure/dimer configuration, 
with a frame marked as “one” if it has the secondary structure/dimer configuration in question or “zero” 
if not. The autocorrelation functions of these binary series are then computed with a maximum lag (the 
maximum number of frames to skip in computing the time correlations between states) equal to one-quarter 
of the number of frames in the timeseries. The autocorrelation functions are then truncated at their first zero 
crossing or region of positive curvature exists below a correlation value of 0.1. Following the truncation, 
the autocorrelation function is fit to a decaying exponential, A*e-t/τ, and the lifetime is given as the frame 
saving rate (in nanoseconds) multiplied by the time-constant τ. 
 In the following chapters, it should be noted, that outside of the cases of turn, coil, and 
sporadically occurring beta-hairpins in chapter 3, the time-series used to compute the lifetimes are 
generated from separate trajectories starting from the state in question and running until a breaking criteria 
is met (noted in the chapter text). In these cases the lifetimes are akin to mean-first exit-times and can 
be shown, by Kramers71, to be directly related to the height of the energy well in which the state resides, 
though that is not done here. In the other cases, the measurements are not directly related to mean first-exit 
times and as a result can not be readily used for energy calculations. 
2.5  Salt-Protein and Solvent-Protein Interaction Measures
Investigation into the interactions and interplay of Aβ
21-30
’s local environment is performed by measuring 
both salt-peptide contacts, modifications to the hydration-shell of the decapeptide, and volume exclusion . 
The measurements of these properties obtained by a combination of VMD’s TCL extensions, GROMACS 
utilities, and AWK analysis scripts.
      2.5.1 Salt Ion-Residue Contacts
Ion-residue contacts were defined as any overlap of the solvation shell of an individual salt-ion and a 
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residue belonging to the decapeptide. The size of the solvation shell of each salt ion was taken to be the 
second peak of an empirical radial distribution function, g(r), of water molecules centered around dissolved 
salt ions. The empirical radial distribution functions were obtained using sub-100ns simulations for each 
salt of interest in water at the same temperature and pressure as that of a typical decapeptide simulation. 
Table 2.1 provides measured values of these solvation shells.  
     
 2.5.3 Hydration-Shell Water-Peptide Hydrogen-Bonding   
Measurements of water-peptide HBs followed the same definitions given for intra/interpeptide HBs, though 
only the total number of water-peptide HBs per frame were measured.
      2.5.3 Hydration-Shell Water Residence Times
The hydration-shell of the decapeptide was taken to include all water molecules within 5Å of the 
decapeptide. The choice of 5Å was made to allow the shell to include at least a full layer of water 
molecules (water molecules are taken to have a Van der Waals radius of approximately 1.5Å, so it is 
necessary to include some “padding” to allow for variations in water positioning in the shell). As a measure 
of the mobility of these water molecules, the mean residence times for water molecules belonging to 
the decapeptide’s hydration shell were obtained. This was performed in three steps: 1) construction of 
a list of all water molecules belonging to the hydration-shell at every saved frame, ii) measurement of 
individual hydration water event lifetimes, and iii) calculation of the mean of these lifetimes. In more 
detail, a time-dependent selection of the hydration-shell water molecules is recorded, follow by scanning 
the list at equally spaced starting locations along the time-series and recording how long independent water 
molecules remained within the hydration-shell selection with the caveat that individual water molecules 
could be absent from the selection for up to 16ps at a time, to allow for minor fluctuations, after which the 
water molecule was removed from the list and the individual lifetime was recorded. Once the individual 
Salt Species Shell Radius (Å)
Ca2+ 3.06
Mg2+ 2.68
K+ 3.3
Na+ 3.04
Cl- 3.3
Table 2.1: Size of salt-ion solvation shells.
22
lifetimes were measured, these lifetimes were averaged with a cutoff of 8ns to exclude outlier water 
lifetimes that may have resulted from possible caging.
      2.5.4 Volume Exclusion Measurements
To explore possible crowding-like effects on the decapeptide (and its mutants) from dissolved KCl and 
CaCl2 salts, measurements of average local excluded volume were taken. To obtain this measure, the ratio 
of volume occupied by the dissolved salt ions within 0.15nm from the center of mass of the decapeptide 
to the volume of a sphere of 0.15nm in radius minus the volume of the peptide was taken. The volume 
of the ions, regardless of species, was taken to be approximated by a sphere of radius 0.05nm (while the 
actual values of the radii of the ions Ca2+, Cl-, and K+ are 0.0494, 0.04875, 0.0538 nm, respectively, with a 
mean of 0.05065 nm, these values were computed by taking the third peak of the radial density function, 
described above, instead of the second to examine the best possible case for a volume exclusion argument). 
The volume of the decapeptide (and its mutants) were computed as the average of the volumes of the nine 
most populated clusters using the 3v software72 with the minimum probe size (addition of spheres with radii 
equal to the van der waal’s radii of the probed atom).
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CHAPTER 3: GROUP I/IIA-CHLORIDE SALT MODIFICATIONS TO AΒ
21-30
  
 (Reproduced in part, from Smith, M. D, Cruz, L.“Effect of Ionic Aqueous Environments on the 
Structure and Dynamics of the Aβ
21-30 
Fragment: A Molecular-Dynamics Study” J. Phys. Chem. B, 2013, 
117 (22), pp 6614-6624. Copyright, 2013, American Chemical Society)
3.1  Chapter Introduction
As noted in Chapter 1, Alzheimer’s disease is a neurodegenerative disorder associated with neurotoxic 
oligomeric species of the peptide Aβ. Further, previous work by Lazo et al21  recognized that a possible 
(mis)folding nucleus of the monomeric form of Aβ is located at the protease resistant region spanning the 
21st to 30th residues. 
 A simplifying assumption used in previous computational works to study this region, has been 
to model the in vivo/in vitro environmental conditions as a pure water environment. This idealized 
environment, however, lacked important conditions present in vivo. The full-length Aβ peptide is produced 
in the extracellular space by the proteolytic cleavage of the membrane bound amyloid precursor protein 
(APP) at its 671st and near its 710th residues of the protein, with the cleavage performed by a combination 
of β- and γ-secretase16. Because the extracellular near-membrane environment has a variety of ion 
channels associated with transmembrane transport, it is reasonable to assume that this region has high 
local concentrations of dissociated group IA and IIA chloride salts. Moreover, recent in vitro studies of the 
Aβ peptide with group IA, IIA, and Zn2+ salts73-77 have shown that at both prefibril and postfibril stages, 
changes to the structure and kinetics of the oligomeric forms of the full-length peptide are found. These 
results and others of similar ionic nature serve to motivate this chapter’s study of whether environments 
rich in salt modify the intrapeptide and solvent–peptide interactions that dominate the monomeric form of 
Aβ.
 Using all-atom molecular dynamics (MD) simulations, with explicit solvent, this chapter explores 
the influence of biologically common group IA and IIA chloride salts on intrapeptide interactions and 
their influence on the structural dynamics of the Aβ21–30 monomer. Of particular interest is the exploration 
of changes in the decapeptide’s structural dynamics and lifetimes of long-lived structural motifs found 
by Cruz et al25 when in environments rich with KCl, MgCl2, CaCl2, or NaCl at a variety of concentrations 
(0.1–0.5 M). 
3.2  Simulation Methodology
To study the dynamics of the Aβ21–30 decapeptide in aqueous salt environments, we used all-atom MD 
simulations with explicit solvent. These simulations were performed under isobaric–isothermal (NPT) 
conditions using the GROMACS 4.0.767,64,66 simulation package with the OPLS-AA force field78,59 and the 
TIP3P water model56,57. Temperature and pressure coupling was maintained using the Berendsen thermo/
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barostats79 with a simulation temperature of 283 K and a pressure of 1 atm. The specific temperature of 283 
K was chosen to correspond to previous experimental21 and computational work2425. Salt environments were 
prepared by first placing the decapeptide in the center of a cubic periodic box with sides of approximately 
43 Å, followed by solvation of the decapeptide using TIP3P water molecules. To obtain salt concentrations 
equivalent to 0.1, 0.2, 0.3, 0.4, and 0.5 M (and to obtain a net system charge of 0), individual TIP3P water 
molecules were removed and replaced with dissolved ionic species: CaCl2, MgCl2, KCl, or NaCl (see Table 
3.1). All simulation trajectories were started using one of two initial Aβ21–30 conformations: a β-hairpin or a 
random coil. These two initial structures were chosen to allow for comparison to previously reported results 
on the structure and dynamics of the decapeptide24,26,30 and the metastability and lifetimes of the β-hairpin 
(β28) conformations reported by Cruz et al25.
 Simulation trajectories were generated following the three-step process discussed in chapter 2: 
a steepest decent energy minimization, relaxation with position restraints, and generation of production 
runs. The energy minimization step was achieved by performing 0.1ps of steepest descent steps with a 
time step of 1fs and a maximum of 1000 steps. Following energy minimization, short-time (20ps) all-atom 
Concentration Salt #of Waters  Replaced
0.1 M CaCl2/MgCl2
KCl/NaCl
14
9
0.2 M CaCl2/MgCl2
KCl/NaCl
29
19
0.3 M CaCl2/MgCl2
KCl/NaCl
44
29
0.4 M CaCl2/MgCl2
KCl/NaCl
59
39
0.5 M CaCl2/MgCl2
KCl/NaCl
74
49
Table 3.1 Number of water molecules that were replaced by salt ions to 
obtain specified ionic concentrations.
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simulations with time steps of 2fs with decapeptide position restraints (using SETTLE and LINCS)54, 53 
were performed. Production runs were generated using a 4fs time step (facilitated by GROMACS), while 
positions and energies of all simulated atoms were recorded at 4ps intervals and a running time of 400ns.
 For trajectories with β initial conditions, a β-hairpin of the form β28 found in Cruz et al25 (hairpin 
structures characterized by HBs between Glu22(O)–Lys28(H), Ser26(O)–Val24(H), and Ala30(O)–
Ala21(H)) was selected as the initial conformation. These trajectories followed the same simulation scheme 
as that of the random coil initial condition trajectories with one crucial exception: trajectories with β initial 
conditions were run until the peptide exited the β-hairpin structure. Exiting of the β-hairpin structure was 
characterized by a sudden increase in the root-mean squared deviation (RMSD) of the peptide’s structure 
from its initial configuration; though, this abrupt change in RMSD, in general, gave only an approximation 
to the exit time of the β-hairpin. To attain a better estimate, lifetimes of the β structures were also computed 
using an autocorrelation function method (see Chapter 2, Lifetime Measurements). 
 Trajectories using pure water environments (0 M) were prepared using the same methodology 
as the one with coil initial conditions with the exception of only adding one Na+ ion to produce a charge-
neutral system. 0 M trajectories were used to establish baseline measurements and to compare with 
previous work24 that made use of the TIP4P water model. As the TIP3P model is similar to the TIP4P 
model, it is taken as a common assumption that the results between the two are typically compatable. 
 For each salt concentration and initial conformation, 10 independent production-run trajectories 
were generated. For the random coil initial condition trajectories, a total running time per trajectory was 
chosen to be 400ns. Thus, for each random coil initial condition and salt concentration, a total of 4 μs of 
simulation time was generated. Additionally, 10 trajectories of pure water simulations for random coil 
initial conditions were also produced with a running time for each trajectory of 400ns. The total running 
time for all of the random coil initial condition trajectories was 84 μs, and along with ~58 μs of simulation 
data from the preformed β-hairpins, 
Concentration Conformation CaCl2 KCl MgCl2 NaCl Simulation Time
0 M coil N/A N/A N/A N/A 4 μs
0 M β N/A N/A N/A N/A 2.205 μs
0.1 M coil 4 μs 4 μs 4 μs 4 μs 16 μs
0.1 M β 2.924 μs 2.962 μs 3.489 μs 2.388 μs 11.76 μs
0.2 M coil 4 μs 4 μs 4 μs 4 μs 16 μs
0.2 M β 2.323 μs 2.440 μs 2.982 μs 2.07 μs 9.82 μs
0.3 M coil 4 μs 4 μs 4 μs 4 μs 16 μs
0.3 M β 2.568 μs 2.958 μs 2.633 μs 1.571 μs 9.73 μs
0.4 M coil 4 μs 4 μs 4 μs 4 μs 16 μs
0.4 M β 3.515 μs 3.985 μs 3.650 μs 2.250 μs 13.4μs
0.5 M coil 4 μs 4 μs 4 μs 4 μs 16 μs
0.5 M β 2.711 μs 2.89 μs 2.8 μs 2.42 μs 10.82 μs
Table 3.2 Simulation Time per Trajectory. Note: The total simulation time for trajectories starting from a 
pre-formed β hairpin varied according to the breaking time of the hairpin.
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the work presented here amounted to a total of ~142 μs (see Table 3.2 for tabular summary of simulations). 
3.3  Results 
In the following, measurements of the Aβ
21−30
’s average secondary structure distributions, intrapeptide 
HB and salt- bridge formation, and secondary structure lifetimes are presented to show the contrast in the 
structural dynamics between pure water and the group IA/IIA chloride aqueous environments. Following 
this, ion−decapeptide contacts, hydration-shell residence times, and water−decapeptide HBs are presented 
to provide insight into the mechanisms of salt-decapeptide interactions.
Secondary Structure Propensity  Using the structure classification scheme described in Chapter 2, 
average secondary structure distributions for the Aβ
21-30
 decapeptide under our 0–0.5 M salt environments 
(figure 3.1) were generated. From these distributions,  it is clear that for all concentrations, turn secondary 
structures were the most predominant, followed by coil, β, and helix structures. This order of predominance 
(from high to low: turn, coil, and β structures), and in particular in the 0 M environment, was consistent 
with previous work on the decapeptide (and fragments containing the decapeptide)24, 26, 27, 30.
 As a function of salt concentration, helix and β structures in both group IA and IIA environments 
did not show any significant change. On the other hand, turn and coil structure propensities in some salts 
exhibited changes as a function of concentration.  
 In group IIA environments, coil propensities significantly increased as compared to the 0 M 
environment, while turn significantly decreased only in the CaCl2 salt environment. Group IA environments 
did not exhibit significant changes to the secondary structure as a function of concentration or salt type.
Figure 3.1 Mean fraction of trajectory time, < f
traj 
>, exhibiting one of the defined secondary structures (turn, 
coil, helix, β), and is taken to be the average secondary structure distributions. Error bars are the standard 
error of the mean over the course of all independent trajectories per concentration. 
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Radius of Gyration Considerations As an additional metric of structure, particularly to gauge the 
“size” of the decapeptide and of turns within the decapeptide figures 3.2 and 3.3 were generated. These 
figures show that for the group IA environments there existed an increased probability to find structures 
smaller than 0.6nm for higher concentrations as compared to pure water. In particular, with increasing 
KCl concentration, turn structures adopted by the decapeptide were significantly more compact compared 
to those found in pure water environments. NaCl followed a weaker but similar trend to the KCl. With 
increasing MgCl2 concentration, compact turn structures monotonically approached pure water conditions 
with more open structures, consistent with its observed decrease of the intramolecular HB.
Figure 3.2 Distributions of radius of gyration considering all structures for all concentrations. Distributions 
were constructed by binning trajectory-wide radius of gyration measured in 30 equally spaced bins ranging 
from 0 to 1.2nm. Error-bars displayed in red, represent standard errors of the mean for each trajectory’s 
calculated distribution.
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Figure 3.3 Fraction of Turn Structures with radius of gyration less than 0.6nm. These data were obtained by 
first calculating distributions of the radius of gyration for only turn structures (as opposed to all structures 
shown in figure 3.2), and then integrating these distributions for each individual trajectory. Error-bars 
represent standard errors of the mean from each trajectory.
Hydrogen Bonds and Salt Bridges  To investigate the possibility of subtle changes in structure not 
shown in the secondary structure analysis, changes in the prevalence of intrapeptide HBs were assessed by 
calculating the mean number of HBs per frame (figure 3.4). In group IA, KCl environments were to found 
to have the mean number of HBs per frame for concentrations between 0.3 and 0.5 M consistently above 
the same measure of the 0 M (pure water) environments, although a significant trend with concentration did 
not exist. NaCl environments, unlike KCl, had no significant increase or decrease in HBs per frame with 
concentration and also lacked any significant trend with concentration. 
 For group IIA environments it is clear that CaCl2 environments had a significant decrease in the 
number of HBs per frame compared to 0 M environments at almost all concentrations, with the greatest 
decrease at concentrations greater than or equal to 0.3 M, though no simple trend with concentration was 
obvious. MgCl2 environments, unlike the other salt environments, showed a steady decrease in the mean 
number of HBs per frame with concentration with the highest and lowest values bracketing those of the 0 
M environment. Previous work80,81,21,24,30,25,31,26,28 on the decapeptide (and fragments containing 
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Figure 3.5 Average number of HBs per frame as a function of ionic concentration, where the HBs are 
between the Asp23-Lys28, Glu22-Lys28 (salt-bridges), and any two donor-acceptor atoms between Asp23-
Ser26 and Asp23-Asn27. The horizontal dashed line corresponds to a pure water environment. Error bars 
were calculated as the standard error of the mean for each trajectory per concentration.
Figure 3.4 Average number of intrapeptide HBs per frame as a function of ionic concentration. Dashed 
horizontal lines correspond to results obtained from pure water environments. Error bars were calculated as 
the standard error of the mean from the measurements over individual trajectories.
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the decapeptide) showed that HBs between Asp23 and other amino acids and the formation of SB were 
important to the dynamics of the decapeptide. To determine any changes to specific intrapeptide HBs within 
the salt environments, we analyzed the formation of the Asp23–Ser26/Asn27 HBs and the Glu22/Asp23–
Lys28 salt bridges. These data are presented in figure 3.5 in terms of the mean specific HBs per frame. 
This figure shows that in most cases the occurrence of the Glu22/Asp23 and Lys28 salt-bridges and HBs 
between Asp23–Ser26/Asn27 were equal or greater than those for the 0 M environments for all salts, with 
the increases for these HBs following the trend KCl ≥ NaCl > MgCl2 > CaCl2, with KCl/NaCl having 
the largest increases and CaCl2 having the smallest. Other salient features of this figure are that, for 
concentrations greater than or equal to 0.3 M, group IIA salts had the lowest Glu22–Lys28 salt-bridges per 
frame, with CaCl2 having the lowest of the two. For the concentrations of 0.3–0.5 M, group IA salts had in 
general more HBs per frame and NaCl in particular was found to have an increasing trend of Asp23–Ser26/
Asn27 HBs per frame.
Structure Lifetimes  By definition, the mean secondary structure and hydrogen-bond/salt-bridge 
measurements presented above are averages over time. To examine details pertaining to the temporal 
evolution of particular structures of the decapeptide, such as long-lived motifs, the secondary structure 
lifetimes were calculated (see Chapter 2: Methods) and are presented in figure 3.6. 
Figure 3.6 Average secondary structure lifetimes for turns, coils, β-hairpins as a function of ionic 
concentration. The horizontal dashed line corresponds to a pure water environment. Error bars are standard 
error of the mean for each trajectory per concentration. 
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It is clear from figure 3.6 that turn lifetimes decreased with increasing concentrations of CaCl2 salts. 
However, turn structure lifetimes were found to be higher in both KCl and NaCl environments, with KCl 
having the largest increase. All of these turn structure lifetimes were substantially larger than those reported 
elsewhere because here turns were considered as a single species while in previous work, (see Cruz et al25), 
lifetimes were calculated for subgroups of turn structures defined by their RMSD distances. 
 The lifetimes of coil structures in the CaCl2 showed the opposite effect to the turns, and in general, 
group IIA salts at concentrations at 0.3 M and above showed increased lifetimes compared to all other 
tested environments. However, the increase in the coil lifetimes in the CaCl2 increased with concentration, 
while MgCl2’s increase was mostly flat between 0.3 and 0.5 M. As an additional note, under group IA 
environments, there were no significant changes to the coil structure lifetimes when compared to the 0 M 
environments.
 Lifetimes of the sporadically occurring β structure (figure 3.6, lower right) showed a lower 
value than the 0 M for nearly all salt environments. However, because of the rarity in the occurrence of 
sporadically formed β-hairpin structures, these lifetime calculations were recalculated under a different 
scheme. This new scheme followed the methodology from previous work25 and calculated lifetimes of 
preformed β28 hairpins, where additional trajectories (see Chapter 2: Methods) were generated that started 
from a preformed β28 hairpin and lifetimes were obtained as described above (figure 3.6, lower left). From 
these additional simulations, no significant changes to the lifetimes of preformed β structures, regardless of 
the concentration and species of our salts, were found.
Interaction Mechanisms To investigate possible interaction mechanisms responsible for the changes to 
the secondary structure, hydrogen-bond/salt-bridge formation, and dynamics compared of Aβ
21–30
 compared 
to the 0 M environments, direct salt–decapeptide interactions by measuring residue–ion contacts and 
water mediated interactions by measuring water–decapeptide HBs and hydration-shell water lifetimes 
were examined. The residue–ion contacts are of particular interest, as they may have be involved in the 
screening of charged residue interactions and in the prevention or weakening of intrapeptide HB formation, 
while alterations to the formation of decapeptide–water HBs and hydration-shell water lifetimes may be 
indicative of changes to hydrophobic/hydrophilic interactions along the decapeptide induced by salt–water 
interactions.
Residue–Ion Contacts  Measurement of residue–ion contacts was performed by computing the average 
number of contacts per frame between the cationic and anionic species of the salts with any particular 
residue under each salt environment. figure 3.7 shows that Ca2+ cations had a high average number of direct 
contact interactions relative to all of the other cation species, and a particularly high affinity for making 
contacts with the Glu22, Asp23, and Ala30. Interestingly, Asp23–Ca2+ contacts were found to increase 
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with concentration, while Glu22/Ala30–Ca2+ contacts were approximately constant. Mg2+ cations also 
demonstrated a high affinity for contacts but only at concentrations of 0.3 and 0.5 M with Glu22. 
 
Figure 3.7 Mean number of contacts between the second solvation shell of cations and specified amino 
acids per frame for all concentrations. Error bars were calculated as standard error of the mean from all 
trajectories per concentration. In most cases, the error bars were equal or smaller than the size of the 
symbol.
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As the size of the Mg2+ cations was substantially smaller than those of the other three cations, we repeated 
these measurements, making use of Mg2+’s third solvation shell (see figure 3.8)  and found that Mg2+ 
does display Glu22 contacts at 0.4 M, suggesting that the anomalous lack of contacts at 0.4 M shown at 
the second solvation shell may be an artifact of narrow cutoffs. In the group IA cations, although there 
was a linear increase in average numbers of contacts with Glu22 and Asp23, the contact values for any 
residue were below ~0.06 and ~0.12 contacts per frame for K+ and Na+ (much lower than in the group IIA 
cations), respectively.
Figure 3.8 Mean number of contacts between the third solvation shell of Mg2+ cations and specified amino 
acids per frame for all concentrations. Error bars were calculated as the standard error of the mean, 
calculated using data from each trajectory per concentration. In most cases, the error bars were equal or 
smaller than the size of the symbol.
 When measuring the anion–residue contacts (figure 3.9), it was found that, irrespective of 
the cationic species in the environment, the Cl– and Ala21/Lys28 contacts increased linearly with 
concentration, similar to that of the cation–residue contacts of group IA (figure 3.7).  It should be noted 
that the rate of increase of the Cl– contacts for group IA conditions was nearly half of that for the group IIA 
ions, which we attributed to the doubled amount of anions necessary to balance the charges of the group IIA 
cations. The similar tendencies of interactions between all salts in figure 3.9 demonstrated that the Cl– ions 
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Figure 3.9 Mean number of contacts between the second solvation shell of Cl- anions and specified amino 
acids per frame for all concentrations. Error bars were calculated as standard error of the mean from all 
trajectories per concentration. In most cases, the error bars were equal or smaller than the size of the 
symbol.
did not introduce differential effects in each salt but rather acted as inert (in the sense of interactions with 
the protein) charge-neutralizing agents.
 Water-Mediated Salt Interactions  As the structure of bulk water has been found in previous work 
to be largely unaffected by the addition of salts (see refs82,83and the review by Zhang and Cremer47), the only 
reasonable region to search for salt-specific changes water-mediated changes is in the hydration shell around 
the decapeptide, and as such these water molecules are indeed examined here
 To gauge these interactions, calculations regarding the changes in the dynamics of the water 
molecules forming the decapeptide’s hydration shell as a function of ion concentration were made. 
Specifically, these changes were quantified by measuring the mean residence time of the water molecules in 
the hydration shell, as described in Chapter 2, and the mean number of HBs between the decapeptide and the 
water per frame. Figure 3.10 shows the mean hydration-shell water residence times vs concentration for all 
of our tested salt environments. The data presented in this figure shows that the group IA salts, regardless of 
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concentration, had no significant effect on the lifetime of the hydration shell water molecules. On the other 
hand, group IIA environments had significant increases in the lifetime with increasing concentration, with
 hydration shell lifetimes significantly higher for CaCl2 than those measured from the MgCl2 environments.
Figure 3.10 Mean residence time of water molecules in the hydration shell as a function of ionic 
concentration for all salts. The horizontal dashed line corresponds to a pure water environment. Error bars 
are standard error of the mean for each trajectory per concentration.
Figure 3.11 Water-decapeptide HBs per frame as a function of ionic concentration. The horizontal dashed 
line corresponds to a 0M (pure water) environment. Error bars are standard error of the mean for each 
trajectory per concentration.
36
Average HBs between the decapeptide and water, <HB
wp
>, were calculated and are shown in figure 3.11. 
In this figure, results for group IA salts show that KCl and NaCl environments had a negligible effect 
on the HB network, although the total number of contacts was in general slightly lower than that for the 
pure water environment. For the group IIA environments, CaCl2 was shown to substantially decrease the 
formation of water–peptide HBs for all concentrations, with MgCl2 having a similar effect but only at high 
(0.5 M) concentrations. 
3.4  Discussion 
Previous computational and experimental work has focused on the structure and dynamics of the Aβ
21–30 
but only under pure water environments24-26,28,30,31. Here, all-atom explicit solvent molecular dynamics 
simulations were used to examine the influence of neurobiologically relevant salts on the dynamics of the 
Aβ
21–30
 decapeptide. From these simulations it has been made clear that the propensities and lifetimes of the 
decapeptide’s turn and coil structures were influenced by both group IA and IIA environments, with group 
IIA environments significantly increasing coil propensities and lifetimes and in particular CaCl
2 
decreasing 
turn propensities, and group IA having a significant increase to the lifetimes of turn structures. Additionally, 
it was found that the lifetimes of β secondary structures were not affected by the salts tested here when 
compared with previous simulations using pure water environments. Furthermore, the simulations make 
it clear that Asp23–Ser26/Asn27 HBs and the Glu22/Asp23–Lys28 salt bridges were in general increased 
by group IA salts relative to group IIA and 0 M environments and that CaCl2 environments were found to 
have additional effects, with decreases in the amount of intrapeptide HBs, the highest ion–peptide rate of 
contacts, the longest lifetime of hydration-shell water molecules, and the lowest amount of HBs between 
the decapeptide and water.
 Overall, the data presented here indicates that the tested salts have varying degrees of influence 
on the distribution of HBs and contacts in the Aβ
21–30
. Increased amounts of the Glu22/Asp23 and Lys28 
salt-bridges and HBs between Asp23–Ser26/Asn27 in the group IA alts shown in figure 3.5, and the 
lower values in their total decapeptide–water HBs shown in figure 3.10, were consistent with ion–water 
interactions that tended to decrease the number of available water molecules that could form HBs with 
the decapeptide, thus inducing the decapeptide to increase intrapeptide HBs. Interestingly, the increased 
amounts of intrapeptide HBs, in particular the Asp23–Ser26 HB, which had previously been correlated with 
the formation of turns25,28,30,37,84, did not appear to substantially modify the secondary structure distributions 
presented in with the group IA salts tested. 
 Group IIA salts were more complex in their modifications to the fragment’s behavior, displaying 
salt-bridges in line with values of the 0 M environment and intermediate numbers of Asp23–Ser26/Asn27 
HBs while at the same time exhibiting the lowest numbers of decapeptide–water HBs. In this case, the 
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lower number of salt-bridges was consistent with the observed high number of direct ion–decapeptide 
contacts in which cation–Glu22 or cation–Asp23 replaced salt-bridges, while cation–Ala30 reduced 
the number of decapeptide–water HBs. The high number of these direct contacts in the CaCl2 was also 
consistent with the lowest Asp23–Ser26/Asn27 HBs that correlated with a significant reduction of turn 
structure.
 Dynamical properties were also different between group IA and IIA salts, in particular turn and 
coil lifetimes. Before examining the details, however, it is important to note that the structural lifetimes 
reported here were a measure of the characteristic time that the decapeptide existed uninterrupted in a 
particular secondary structure, and not necessarily ‘breaking times’ as noted in chapter 2. 
 Group IA turn lifetimes were significantly higher than those for the group IIA and the 0 M 
environment, while coil lifetimes were not different than the 0 M. On the other hand, turn lifetimes in 
group IIA were either similar to the 0 M (Mg2+) or decreasing (Ca2+), while coil lifetimes were significantly 
increasing with concentration. The ion-dependent mechanism responsible for the high turn lifetimes, 
higher frequency of intrapeptide HBs, and slightly lower water–decapeptide HBs in the group IA salts was 
not clear, since in these salts there were no substantial decapeptide–ion contacts. Also, screening effects 
(Debye–Hückel screening) by the ions were found not to be relevant as the number of salt-bridges were 
either unchanged or higher as compared to the 0 M environment (screening would have decreased these 
salt-bridges). Additional measurements of the mean residence time of water molecules in the hydration 
shell (figure 3.10) found no changes between 0 M conditions and the group IA environments. Also, an 
analysis of compactness of structures did not show a conclusive result where the radius of gyration of turn 
conformations (figures 3.3 and 3.4) showed an increased compactness in the group IA not present in the 
CaCl2 but present in MgCl2 salt environments at low concentration (<0.3 M). These data then suggest that, 
although the exact mechanism behind the high turn lifetimes in the group IA salt environments is unknown, 
but its strength is significantly weaker and independent of ion–residue contacts and the solvent interactions 
examined in this chapter. Further investigation of this weaker interaction, along with other topics, is the 
focus of the following chapter.
 In the dynamics of the group IIA salt environments, the low or decreased lifetimes of turns and the 
high coil lifetimes could be attributed to the high number of direct decapeptide–ion contacts. As outlined 
above, the high number of these contacts also correlated with the decrease in the Asp23–Ser26/Asn27 
HBs and the decrease in the number of water–decapeptide and salt-bridges. Although this decapeptide–
ion mechanism did not appear to apply to the Mg2+, when extending the definition of contacts to the 
third solvation shell, we found that the number of contacts in the Mg2+, though still reduced, mirrored 
the behavior found in Ca2+. Regarding the dynamics of the hydration-shell waters, the group IIA salts 
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showed in general higher mean water residence times than the group IA which were not different than 
in the 0 M environment. This increase was not expected, since cation–residue contacts were expected to 
increase the diffusion of the hydration-shell waters by diminishing the formation of water–peptide HBs. 
We attributed this effect to electrostatic interactions between the divalent cations near the decapeptide and 
the hydration-shell water molecules that slowed the motion of the hydration shell water molecules. In the 
CaCl2 environments, this slowing down of these water molecules was also found to be consistent with the 
observed decrease of turn propensities and lifetimes. In this scheme, the slowed motion of the hydration-
shell waters hindered the formation of turns by hampering coils from expelling the excess hydration-shell 
water molecules from within the center of the decapeptide. This resulted in an effective increase in the 
free energy of the turn that extended and decreased lifetimes for coil and turn structures, respectively. This 
mechanism was also consistent with the trends found in the MgCl2, although the effects were much smaller.
 By examining the changes in all of the properties analyzed here, specifically at the high salt 
concentrations, it is possible to rank the salts by their effective “influence” in the decapeptide behavior. 
In particular, ranking the salts by increasing coil lifetimes or mean hydration-shell residence times, we 
obtained the following series: CaCl
2 
> MgCl2> NaCl ~ KCl. Very similar is also the ranking by number of 
direct decapeptide–ion contacts: CaCl2> MgCl2> NaCl > KCl. Performing a similar ranking in terms of 
increasing turn lifetimes gave the following: CaCl2< MgCl2< NaCl < KCl. By ranking the salts based on 
their ability to increase intrapeptide HBs and by their turn propensity, we obtain a similar ranking: CaCl2< 
MgCl2< KCl ~NaCl, which also applies to the total intrapeptide HBs. Finally, by ranking in order of coil 
propensity, we obtain the following: CaCl2> MgCl2> KCl > NaCl. All of these rankings clearly state that: 
(i) group IIA salts have more “influence” than group IA salts on the behavior of the decapeptide and (ii) 
within groups, the Ca2+ is more influential than the Mg2+ and the Na+ and K+ are at roughly equal standing to 
each other.
 It is instructive to compare the results on the behavior of the Aβ
21–30
 monomer presented here with 
experimental studies of the aggregation of full-length Aβ, although conclusions can only be speculative 
at this point. However, parallels can be made between them. For example, Klement et al73 subjected 
full length Aβ peptides to a variety of salt environments and measured changes to the aggregation of 
the peptide. Their results on KCl, NaCl, and MgCl2 environments with concentrations between 0 and 
0.5 M resulted in a ranking of decreasing aggregation of Mg2+> Na+> K+. Similar to this work, Issacs et 
al76 reported measurements on enhanced aggregation by CaCl2at concentrations much smaller than the 
extracellular in vivo concentration of 0.002 M. From the two experiments noted above, we can construct a 
ranking of salt “influence” on Aβ’s aggregation such that: CaCl
2 
≥ MgCl
2 
> KCl > NaCl, where the CaCl2 is 
positioned first on the basis of the high sensitivity of aggregation to the very small CaCl2 concentration. The 
39
close similarity between this ranking and the one found here suggests that the physical properties of ions 
may play an important role in the structure and dynamics of the Aβ while their increasing concentration 
may affect aggregation pathways.
 Similarities aside, one important point has to be made regarding the difference between the 
ranking found here and the one found in the literature in the placement of MgCl
2 
relative to the CaCl2 and 
KCl. Here we found that the CaCl2 was significantly more influential than the MgCl2, with MgCl2 having 
an “influence” strength closer to KCl. Experiments showed, however, that CaCl
2 
and MgCl
2 
could (at times) 
be found at an equivalent level of influence where their roles could be interchanged. Additionally, KCl was 
shown to be significantly less influential than MgCl2. 
 It is possible that this difference has its roots at a possible incorrect parametrization of the Mg2+ 
cation as noted by Mamatkulov85 (for the AMBER, CHARMM, and GROMOS force fields. This problem 
could also be responsible for a sudden drop in the Mg2+–water radial distribution function after the first 
water-shell peak that could in principle cage waters for an abnormally high amount of time, thus artificially 
increasing the binding interactions between ion and water (see figure 3.10) and thus lessening Mg2+–
decapeptide effects. However, preliminary tests using the OPLS-AA force field with the Mg2+ cation yielded 
similar hydration-shell sizes for the Mg2+ cations as those obtained by Mamatkulov after their improved 
parametrization. Nonetheless, it is still an open question whether the OPLS-AA force field parameters take 
full account of the influence of the Mg2+.
 In sum, this chapter has shown that neurobiologically important group IA and IIA salts introduce 
important changes to the structure and dynamics of the Aβ
21–30
 decapeptide relative to bulk (non-ionic) 
environments. In particular, Ca2+ was shown to act as a HB and turn destabilizing agent of Aβ
21–30
 through 
the occurrence of peptide–ion contact interactions and alterations to the decapeptide’s hydration shell, while 
group IA salts increased intrapeptide HBs and turn lifetimes.
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CHAPTER 4: MODIFICATIONS TO ARCTIC, DUTCH, AND IOWA MUTATIONS BY CACL2 AND 
AND KCL
 (Reproduced in part, from Smith, M. D, Cruz, L.“Changes to the Structure and Dynamics 
in Mutations of Aβ
21-30
 caused by Ions in Solution” J. Phys. Chem. B, 2013, 117 (22), pp 6614-6624. 
Copyright, 2013, American Chemical Society)
4.1  Chapter Introduction
In the previous chapter, and the associated paper by Smith et al 86, the question of whether neurobiologically 
important salts influence the structure and dynamics of the WT form of Aβ
21-30
 was addressed. Using 
molecular dynamics (MD) simulations of the WT Aβ
21-30
 decapeptide under various aqueous group I/
IIA-Chloride salt environments, it was shown that substantial differences do exist in the populations and 
lifetimes of unstructured conformations and the bend/turn-motif when the decapeptide was exposed to 0.1-
0.5M salt concentrations compared to pure water environments. Further, it was observed that increasing 
concentrations of CaCl2 (and to some extent MgCl2) increased the populations and lifetimes of unstructured 
random-coil structures, with an accompanying decrease in intrapeptide HBs. Increasing concentrations of 
KCl did not significantly alter the distribution of secondary structure populations, but increased intrapeptide 
HBs and lifetimes of turn structures. Another group IA salt tested, NaCl, did not show any effects compared 
to any of the other salt-rich environments and bulk water conditions tested. The mechanisms behind the 
previously reported phenomena were attributed to a combination of residue-cation contacts and ion-
induced changes to the hydration shell of the decapeptide (see previous chapter or Smith et al86). However, 
these mechanisms, with the previous data can only adequately explain the increases in coil structures and 
lifetimes and decreases in HBs by the group IIA salts, while the effects observed under KCl concentrations 
could not be attributed to either the tested contact-based or hydration-shell modification mechanisms.
 In this chapter, the mechanisms attributed to the salts in the previous chapter are investigated 
through the the responses of the familial mutations under KCl and CaCl
2 
salt conditions. The mutants 
(Arctic, Dutch, and Iowa with mutations at positions 22 (Arctic/Dutch) and 23 (Iowa) of Aβ
21-30
) were 
chosen to further evaluate the previously proposed 86 salt-decapeptide interaction mechanisms and to 
reveal possible salt dependent modifications to the structure and dynamics of these pathologically relevant 
variants. By measuring secondary structure populations, structure lifetimes, intrapeptide and water-
peptide HBs, hydration-shell residence times, and residue-ion contacts, a plethora of modifications to 
the decapeptide’s structure and secondary structure lifetimes are found to be salt and mutation-specific. 
From these measures this work demonstrates the importance of the Asp23 residue in the stability of the 
hydrophobic turn, along with more details on the mechanism for Ca2+ specific effects (see chapter 3).
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4.2  Simulation Methodology 
As noted in the above introductory section, this chapter examines and compares three, net charge zero, 
point mutations and the WT form of the ten amino acid (Aβ
21-30
) decapeptide under KCl and CaCl2 aqueous 
environments. The primary structure of the decapeptide used is Ala21-X22-Y23-Val24-Gly25-Ser26-
Asn27-Lys28-Gly29-Ala30, where the point mutations are defined as: X=Gly with Y=Asp, (Arctic, E22G), 
X=Gln with Y=Asp (Dutch, E22Q), and X=Glu with Y=Asn (Iowa, D23N). The decapeptide was modeled 
using all-atom MD simulations in explicit solvent with the TIP3P 56, 57 water model, OPLS-AA 58, 59 force 
field, and the NPT ensemble. The simulations were performed using GROMACS 4.0.7 67,64,66.
 Temperature and pressure coupling for the performed simulations were obtained through the use 
of the Berendsen thermo/barostats67,79 with the simulation temperature and pressure set to 283 K and 1 atm, 
respectively. The choice of this particular value for the temperature was made to correspond with previous 
experiments21 and to compare with previous computational work24,86,25. Aqueous salt conditions were 
created by first constructing a cubic periodic box with a gap of 0.7nm between the initial conformation of 
peptide (and its associated atoms) and the periodic wall and then solvating the simulation box with TIP3P 
waters. The initial conformation of the peptide used in this construction was an extended random-coil 
structure. Due to slight variations in the size of each mutant type the sides of the box are between 40-44Å 
in size. To obtain the salt concentrations of 0.1, 0.3, and 0.5M, CaCl
2 
(and KCl) dissociated salt ions were 
introduced to the simulation system by replacing a predetermined number of water molecules at random 
locations. We note that even the smallest ionic concentration used here (0.1M) is between 45 and 65 
times greater87 than typical in vivo extracellular environments. The use of this and higher concentrations, 
however, are justified in two ways: 1) biologically, the environment surrounding the Aβ after its cleavage 
from the larger amyloid precursor protein (APP) close to the membrane is higher than the average in vivo 
concentration, and 2) computationally, a higher concentration of salt ions increases the rate of peptide-ion 
interactions allowing us to adequately sample these interactions in a reasonable amount of computational 
time, but as shown below, without increasing the number of peptide-ion contacts per simulation frame. 
The number of replaced water molecules as well as additional details regarding the simulation system are 
available as in Table 4.1.
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Concentration Mutant Number of Dissociated Ion Atoms # of Water Molecules 
CaCl2 KCl CaCl2 KCl
0 M Arctic 0 0 2615 2615
0 M Dutch 0 0 2730 2730
0 M Iowa 0 0 2730 2730
0 M WT 0 0 2727 2727
0.1 M Arctic 15 10 2702 2707
0.1 M Dutch 15 10 2715 2720
0.1 M Iowa 15 10 2715 2720
0.1 M WT 14 9 2714 2719
0.3 M Arctic 45 30 2570 2585
0.3 M Dutch 45 30 2685 2700
0.3 M Iowa 45 30 2685 2700
0.3 M WT 44 29 2684 2699
0.5 M Arctic 75 50 2655 2680
0.5 M Dutch 75 50 2655 2680
0.5 M Iowa 75 50 2655 2680
0.5 M WT 74 49 2654 2679
Table 4.1 Number of Water and Dissociated Ion atoms per concentration. Because the WT has net charge 
-1, a net charge-zero simulation always carries one extra positive ion. This means that the number of 
Dissociated Ion atoms (extra ions added to the simulation) for the WT simulations will be one less than for 
the case of the neutral peptide mutation simulations.
 Simulation trajectories were generated using a three step process: (i) energy minimization of the 
initial spatial coordinates of the decapeptide, waters, and ions (through steepest descent), (ii) position 
restraint relaxation, and (iii) generation of production runs. Energy minimization was achieved using 0.1ps 
of steepest decent steps with a timestep of 1fs and a maximum of 1,000 steps. Position restraint relaxation, 
using SETTLE 54 and LINCS 53, was performed on the decapeptide by generating short (20ps) simulations 
with a timestep of 2fs. Finally, production runs were generated using a 4fs timestep (shown in prior work86 
to be a sufficient timestep for this decapeptide), with positions and energies recorded at 4ps intervals for 
400ns to match prior work 86. For each mutant (Arctic, Dutch, Iowa), ten trajectories of 400ns at each salt 
concentration (0, 0.1, 0.3, 0.5M CaCl2 and KCl) were generated. For comparison purposes, ten WT 400ns 
trajectories at each tested salt concentration (0-0.5M KCl and 0-0.5M CaCl2) were used from prior work 
2186, which followed the same simulation methodology used here. The trajectory simulation time lengths of 
400ns were found to provide sufficient sampling of the available phase space by calculating the the 
coverage of the (ϕ/ψ) peptide backbone angles88  and noting that by visual insepection, before the end of 
any given trajectory the coverage had reached an asymptotic region (Fig. 4.1). 
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Figure 4.1 Percentage of total ϕ/ψ space sampled through simulation time.  Error bars are standard errors of 
the mean for each measure from each independent trajectory and are of the same order as the width of the 
line.
The total simulation time from all forms of Aβ
21-30
 and concentration combinations used in this work 
amounts to 112μs.
4.3  Results 
Measurements of the average secondary structure populations, number of intrapeptide HBs and oppositely 
charged residue-residue HBs, and secondary structure lifetimes for the Arctic, Dutch, Iowa mutants, as well 
as the WT are presented to show differences, trends, and general effects of the decapeptide with increasing 
KCl and CaCl2 concentrations. In addition, cation-decapeptide contacts, hydration-shell residence times, 
and water-decapeptide HB measurements are presented to explore possible interaction mechanisms 
between the salt environments and the decapeptide.
Secondary Structure Populations In figure 4.2, normalized histograms of secondary structure populations 
are presented for each mutant and WT at each tested concentration of CaCl2 (left) and KCl (right). Salient 
results in this figure are that the Arctic mutant and WT under increasing CaCl2 concentrations have 
increasing populations of coil structures and decreasing populations of turn structures. 
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Additionally, at high concentrations (0.5M) of CaCl2 the Dutch, Iowa, and WT have decreased β structures. 
Increasing concentrations of KCl provided negligible changes to the Arctic mutant, minor decreases in turn 
structures and minor increases in β structures for the Dutch mutant, and significant increases in β structures 
at high concentrations (0.5M) for the Iowa mutant. Coil secondary structures decreased with increasing 
concentrations of KCl for all mutants, while they remained unaffected in the WT. 
Figure 4.2 Histograms of Secondary Structure for: (a) CaCl2; (b) KCl. Error bars are standard error of the 
mean. 
 Of additional interest in this figure are the secondary structure tendencies for each mutant under 
bulk (pure) water conditions (0M). Under these bulk conditions it is noted that when comparing the mutants 
and WT the largest deviation in secondary structure is found for the Iowa mutant with a pronounced β 
structure population. This result is comparable to similarly high β structure measurements made by Cruz 
et al 25 for the Iowa mutant. In contrast to the turn, β, and coil structures, helix structures appear with 
negligible propensity, in agreement with previous work24 ,29,30,86,89; though, a recent study by Lin et al 35, 
however, finds substantial helical content in the decapeptide region of the full-length peptide. A possible 
explanation is that Lin’s work uses the Amber99SB force-field which may favor helical structures, as 
shown by Nguyen et al61.
Intrapeptide HBs Figure 4.3 shows the mean number of intrapeptide HBs per frame. From this figure it is 
clear that under bulk conditions the number of HBs per frame is lowest in the Iowa mutant. Also, increasing 
concentrations of CaCl2 decrease intrapeptide HBs for all mutants and the WT, with approximately the 
same absolute number of HBs at high concentration. In contrast, KCl concentrations are found to keep 
intrapeptide HBs at the bulk value or in some cases slightly increased.
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Figure 4.3 Mean intrapeptide HBs per frame. The dashed horizontal line represents the mean value 
calculated under pure water conditions. Error bars are standard errors of the mean. 
Figure 4.4 shows the average number of HBs per frame between the charged residues Glu22/Asp23 and 
Lys28 (salt-bridges). The data shows that bulk water values of salt-bridges per frame is lowest in the Dutch 
mutant.  
Figure 4.4  Mean HBs per frame between Glu22/Asp23 and Lys28. The dashed horizontal line represents 
the mean value calculated under pure water conditions. Error bars are standard errors of the mean. 
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The data also shows that CaCl2 in general brings down the number of salt-bridges, but when compared to 
the respective bulk water values, only the Arctic and (to a weaker extent) WT forms of the decapeptide 
are reduced and that the amount of this reduction is minimal (approximately 0.4 HBs/frame) as opposed 
to the significantly larger value (1 HB/frame) from figure 4.3. In addition, the data shows that KCl has a 
negligible influence on salt-bridges.
Secondary Structure Lifetimes To gauge changes to the dynamics of the decapeptide’s mutants under 
the bulk, KCl, and CaCl2 rich environments the mean lifetimes of the turn, coil, and β secondary structures 
were computed (figure 4.5). Focusing first on turn structures, turn lifetimes (top row) under the bulk water 
conditions are found to be lower in the Iowa mutant when compared to the other mutants and the WT. This 
would seem to suggest that Asp23 is essential to have the longest turn lifetimes. From the mean values of 
the turn lifetimes one can construct the ranking in bulk (although not significant): Arctic > Dutch > WT 
>> Iowa. When looking at the effects of salt, the data indicates that both KCl and CaCl2 have the effect 
of reducing the turn lifetimes in the mutants relative to their respective bulk values. While this data is 
consistent with previous findings for CaCl2 in the WT form 
86, KCl has the reverse effect.
Turning to the measured coil lifetimes in bulk (middle row - figure 4.5), the data suggests the ranking 
of coil lifetimes in the bulk to be Iowa > Dutch >> Arctic ~ WT, which is a reversal of the turn lifetime 
ranking with the Iowa mutant now on top. In relation to the salts, CaCl2 seems to not change coil lifetimes 
in the mutants relative to their respective bulk lifetimes in contrast to the WT where coil lifetimes 
dramatically increased; while, increasing concentrations of KCl brought all coil lifetimes of the mutants 
and the WT to approximately the same absolute small value. When compared relative to their respective 
bulk coil lifetimes, however, the biggest reduction is in the Iowa mutant, followed by Dutch, Arctic, and 
WT where there was no significant difference between bulk and KCl coil lifetimes. This comparative 
decrease also follows the ranking given above. 
 For the lifetimes of the β structures (bottom row – figure 4.5) the bulk results suggest lifetimes 
following the ranking WT ~ Iowa >> Arctic ~ Dutch. Of note is that in contrast to previous work25, the 
mean values of β structure lifetimes in bulk are measured to be lower than previously reported. The 
difference between this work and previous work is that here measurements of lifetimes of all types of β 
structures are performed together (not individually as in Cruz et al25), which brings down the resulting 
value of the lifetimes, and our classification of β structures include several conformations that have very 
short lifetimes. When looking at the effect of salts, the data shows that for mutants in general, β structure 
lifetimes are at the level of their respective bulk values or above, in contrast to previous work 86 where 
β structure lifetimes were shown to be largely unaffected by KCl and CaCl2.
 In relative terms to the bulk 
conditions, β structure lifetimes are increased with increasing CaCl2 concentrations in the Arctic and Dutch 
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mutants and increased with increasing KCl concentrations in the Dutch and Iowa mutants. 
Figure 4.5  Mean Secondary Structure Lifetimes. Each graph in a particular column corresponds to 
lifetimes of Turns, Coils, and β structures. Error bars are standard errors of the mean. The dashed horizontal 
lines represent the mean values calculated under pure water conditions.*Note: Due to the small number of β 
events that prevented good sampling (see Chapter 3), the presented β lifetimes for the WT form of the 
decapeptide correspond to the average of both sporadically formed and pre-formed β structures, while all 
other forms of the decapeptide show lifetimes only for sporadically formed β structures. 
Interaction Mechanisms. In seeking to elucidate the mechanisms behind the observed changes, three 
measures are utilized: (a) ion-residue contacts, (b) water-peptide interactions, and (c) local volume 
exclusion. The first aims to measure effects in terms of substitution of water by ions, interruption of 
intrapeptide HB, and screening of salt-bridges. The second aims to measure modifications to the HB 
behavior and dynamics of the water in the vicinity of the decapeptide (decapeptide hydration-shell water 
molecules). Finally, the third aims to examine possible crowding-like behavior by the ionic species.
 Ion-Residue Contacts. Ion-residue contacts are measured as the mean number of contacts per 
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frame per residue and are presented in figure 4.6. At first glance, this figure shows that the contacts found 
under CaCl2 environments are predominately located at the charged residues (locations 22/23), and the 
charged C-termi (Ala30) of the decapeptide, while for KCl the contacts seem to be uniformly distributed 
throughout the decapeptide.  More importantly, however, the data in this figure shows that whenever there 
is a contact, the Ca2+ has a significantly higher propensity than K+ to make the ion-residue contact regardless 
of mutation, with Ca2+ having a maximum number of contacts per frame of approximately 0.9 while K+ 
having a significantly smaller value of approximately 0.04. 
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Figure 4.6 Mean Cation-Residue Contacts between the peptide and: (a) Ca2+ and (b) K+. Error bars are 
standard error of the mean. 
 Water-Peptide Interactions. To investigate changes to the dynamics of the hydration-shell water 
under the salt environments figure 4.7 provides the mean residence (lifetimes) of hydration-shell water 
molecules as a function of salt concentration. Data from the bulk water environments indicates that the 
lifetime of the hydration-shell water is approximately the same across the mutations and the WT; however, 
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as a function of salt it is clear that the dynamics of the hydration-shell are insensitive to KCl concentrations, 
while CaCl2 significantly increases the lifetime of waters near the hydration-shell with the WT having the 
largest increase while the increases in the Arctic, Dutch, and Iowa mutants are lower and of roughly the 
same magnitude. These results suggest that the hydration-shell water under CaCl2 environments becomes 
less mobile close to the peptide. 
Figure 4.7 Mean hydration shell water residence times. The dashed horizontal lines correspond to the mean 
values calculated under pure water conditions. Error bars are standard errors of the mean. 
On examining the mean number of water-peptide HBs per frame, shown in figure 4.8, the data shows that 
for bulk the WT and the Iowa mutant have a higher number of water-peptide HBs than the Arctic and Dutch 
mutants suggesting that Glu22 is important for these interactions. As a function of salt, the data shows 
KCl has a negligible effect on water-peptide HB interactions while CaCl2 greatly reduces HBs between the 
water and peptide in the mutants and the WT.
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Figure 4.8 Mean water-decapeptide HBs per frame. The dashed horizontal lines correspond to the mean 
values calculated under pure water conditions. Error bars are standard errors of the mean. 
 When these two sets of data are combined for the CaCl2, as shown in figures 4.9, 4.10, and 4.11, 
the data reiterates that: (i) mutations have in general a lower hydration-shell water residence time than 
the WT, (ii) mutations also have a lessened number of water-decapeptide HBs, and (iii) that increasing 
the concentration of Ca2+ increases the hydration-shell water residence time while decreasing the water-
decapeptide HBs. Because Ca2+ has the same diminishing effect with concentration on intrapeptide HBs as 
with the water-decapeptide HBs, when plotting the number of HBs as a function of water-peptide HBs we 
observe a linear trend (see figure 4.10). Thus, the hydration-shell water residence time and the number of 
intrapeptide HBs is similar to the one for water-peptide HBs (see figure 4.11)
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Figure 4.9 Hydration-shell water-residence times vs mean number of water-peptide HBs. Error bars 
correspond to standard errors of the mean
Figure 4.10 Mean number of intrapeptide HBs per Frame vs mean number of Water-peptide HBs. Error 
bars are standard errors of the mean for each measure.
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Figure 4.11 Hydration-shell water residence time vs mean number of intrapeptide HBs. Error bars are 
standard errors of the mean for each measure.
 Volume Exclusion Local excluded volume fraction calculations were made to valuate the 
possibility of a crowding-like mechanism due to ions near the decapeptide’s surface and are presented in 
figure 4.12 and Table 4.2. The data shown in the figure indicate a linear increase in the excluded volumes 
for both CaCl2 and KCl. At the concentrations of 0.5M, KCl has a maximum excluded volume fraction of 
~15-20% for all forms of Aβ and at 0.5M CaCl2
  has a maximum excluded volume fraction of ~35-40% at 
0.5M.  
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Figure 4.12 Mean Local Excluded Volume Fraction of the ions within a shell with a radius 0.15nm from the 
center of mass of the decapeptide. Error bars are standard error of the mean that are comparable to or 
smaller than the size 
                                   
Concentration Mutant Volume of Protein (Å3)
CaCl2 KCl
0.1 M Arctic 869.026 870.915 
0.1 M Dutch 940.656 931.723 
0.1 M Iowa 941.347 940.643 
0.1 M WT 1022.32 1025.32 
0.3 M Arctic 882.094 868.109 
0.3 M Dutch 942.395 938.942 
0.3 M Iowa 940.262 959.212 
0.3 M WT 1009.95 1005.35 
0.5 M Arctic 979.149 1015.27 
0.5 M Dutch 944.527 954.602 
0.5 M Iowa 955.422 955.341 
0.5 M WT 1024.11 1003.18 
Table 4.2 Peptide Volumes per concentration. 
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4.4  Discussion 
This work investigated, using all-atom explicit solvent MD simulations, the interactions of KCl and CaCl2 
ionic salts with the Dutch, Iowa, and Arctic point mutations of the Aβ
21-30
 decapeptide. From the measures 
of secondary structure populations, intrapeptide and water-peptide HBs, hydration-shell behavior, cation-
residue contacts, and secondary structure lifetimes it was found that dynamic and structural properties 
of the Aβ
21-30
 decapeptide could be altered as a function of concentration of KCl and CaCl
2 
salts. First, 
however, without any salts (at 0M) it was found that turn lifetimes and the number of intrapeptide HBs 
were greater in the Arctic and Dutch mutants and the WT than in the Iowa mutant. This trend in these two 
properties indicates that an intact Asp23 could be a main driver behind intra-molecular HBs that form turn 
structures, which corresponds to a similar observation from NMR data from Grant et al 38, simulations 
from Côté et al 90, and combined computational and experimental work by Rosenman et al 91. It was also 
found that the WT and Iowa mutant had greater numbers of water-peptide HBs than the Dutch and Arctic 
mutants, which suggests that an intact Glu22 mediates water-peptide interactions and thus is likely critical 
to the solvation of the decapeptide. These two properties are complementary since for example in the Arctic 
mutant there are the least number of water-peptide HBs but it has the longest turn lifetimes. Upon having 
both Glu22 and Asp23 intact, as in the WT, the effects on the number of water-peptide HBs dominate 
(having the largest 0M number of water-peptide HBs) as opposed to a comparatively (relative to Arctic 
and Dutch mutants) small turn lifetime. This Glu22 vs Asp23 behavior is also present in the secondary 
structure population measurements, where for the Arctic and Dutch mutants (no Glu22) turn structures still 
dominate (consistent with the larger turn lifetimes and increased intrapeptide HBs), but for the Iowa mutant 
(no Asp23) values for turn populations substantially decrease (consistent with the smallest turn lifetimes 
and decreased intrapeptide HBs). In conclusion, an intact Asp23 (Arctic and Dutch mutants and the WT) 
will ensure that turn structures will have enhanced stability (demonstrated by longer turn lifetimes) and 
intrapeptide HBs, while an intact Glu22 but no Asp23 (Iowa mutant) is not sufficient to preserve the turn 
structures, consistent with previous results on Asp23 and its relation to turn stability913890.
 When adding salts it was observed that there were profound changes in many, but not all, of the 
measured quantities relative to their bulk environments. For example, increasing concentration of salts 
only moderately modified secondary structure populations for the turn, coil, and β secondary structures, 
but did not change the population rankings for a given mutation. Also, salt-bridges were mostly unchanged 
from their bulk values. When considering each salt separately, KCl was found to be particularly weak in its 
effects on the Aβ
21-30
 properties. Specifically, intrapeptide HBs, cation-decapeptide contacts, mean hydration 
shell water residence times, and mean water-peptide HBs did not exhibit significant changes from their bulk 
values at any of the concentration values of KCl tested here. However, KCl did have significant effects by 
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increasing β structure populations in the Iowa mutant (at 0.5M) and on coil structures by: (i) keeping equal 
or reducing the amount of secondary structure population as a function of concentration and (ii) reducing 
all coil lifetimes of all mutations and the WT to approximately the same reduced value. These two results 
clearly indicate a relationship between lifetimes and structure populations. Interestingly, KCl also lowered 
the turn lifetimes for the mutations while increasing them for the WT. This lowering and increasing do 
not have a corresponding change in the secondary structure populations as the error bars overlap, but 
because of this the data cannot exclude either the existence of such a correlation between turn lifetimes and 
populations.
 As already reported for the WT86, CaCl2 displayed a much more pronounced effect on almost all 
quantities. In particular, in the WT and all tested mutations, CaCl2 environments: (i) kept equal or increased 
coil populations for all forms of Aβ, (ii) decreased intrapeptide HBs in absolute numbers and relative to 
bulk water conditions, (iii) decreased water-peptide HBs, (iv) and resulted in long residence times for the 
hydration-shell water molecules. CaCl2 also had mutation-specific effects as a function of concentration 
by showing decreasing trends in the turn lifetimes and by displaying increasing trends in the coil lifetimes 
on decapeptides with an intact Asp23 (Arctic and Dutch mutants and the WT). Again, these results on the 
lifetimes may have a corresponding behavior in the secondary structure populations of these decapeptides, 
but overlapping error bars prevent a clear correlation.
 The data suggest that the mechanisms behind the many changes due to the CaCl2 are similar to 
those previously reported for the CaCl2 in the WT
86. In that work, the proposed mechanism was that the 
cation-residue contacts slowed the dynamics of the hydration-shell water molecules through electrostatic 
interactions that “pinned” the Ca2+ to the charged residues and subsequently interacted with the hydration-
shell water. This slowing down in turn hindered the water from being expelled from the inside of the 
decapeptide, thus precluding the formation of turns and enhancing coil structures. Here, all of the same 
elements are present: a high number of direct cation-decapeptide contacts that increase residence times 
of the hydration-shell water and decrease the number of water-peptide HBs (the increased cation-
water contacts would decrease the number of water-peptide HBs) for all mutations and the WT, with a 
corresponding low number of intrapeptide HBs. However, these mechanisms have differing levels of 
effectiveness on the structural lifetimes and populations of each mutation. Coil populations only increase 
modestly in the Arctic and Dutch mutants, and seem to stay the same in the Iowa mutant. Coil lifetimes 
also show upward trends in the Arctic and Dutch mutants, but much less than in the WT, while in the Iowa 
mutant they do not increase. These muted effects in the Arctic and the Dutch mutants could be attributed 
to the fact that there is one less charged residue in these mutations, thus one less contact center for the 
Ca2+, as shown in the mean cation-residue contact data. One less contact may also mean that there are less 
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Ca2+-water interactions that pin down the hydration-shell water, and thus result in a reduced hydration-shell 
water residence time for the mutations, as shown in figures 4.9-4.11. The lack of effects in the turn and coil 
lifetimes in the Iowa mutant despite the obvious influence of the Ca2+ on the hydration-shell water residence 
time and the decreased number of water-decapeptide HBs may be a consequence of the increased role of 
the formation of β structures that dominate the structural dynamics, as is shown by the highest β structure 
lifetimes and their pronounced populations in the Iowa mutant.
 In contrast to the CaCl2, the mechanisms behind the effects found in the KCl are more elusive. 
The KCl salt does not have a pronounced effect on the properties of the WT except in the turn lifetime86. 
For the mutations, however,  KCl is found to reduce coil populations, and coil and turn lifetimes, while 
enhancing β structure populations in the Iowa mutant at high concentrations. These effects are happening 
without any evidence of cation-decapeptide contacts nor changes to the water-peptide interactions from 
the bulk environment. In fact, one can rule out electrostatic interactions between the K+ and the peptide 
since the results shown in figure 4.6 clearly illustrate that for the most part the K+ does not discriminate 
between the charged and non-charged amino acids. It is possible that indirect contact mechanisms are 
at work, and in particular crowding could be playing a role since the excluded volume by the K+ (plus 
its solvation water shell) in the neighborhood of the decapeptide (locally) can be as high as 20% at high 
concentration (Table 4.2, figure 4.12). For the case of the Ca2+ the volume exclusion is much higher (twice 
as much per concentration) than in K+ so we cannot rule out that there is also a crowding effect in the Ca2+, 
but the contact mechanism is so strong in the Ca2+ that it could be possible that any crowding effect takes a 
secondary role.
 In summary, this Chapter has shown that the addition of CaCl2 and KCl salts to the environment 
surrounding the Aβ
21-30
 WT and three point mutations can substantially modify the structure and dynamics 
of this decapeptide. There are mutation specific as well as general effects due to the salts. While in bulk 
environments decapeptides with an intact Asp23 have enhanced turn structures, adding Ca2+ counters this 
effect by enhancing coil lifetimes at the expense of turn lifetimes. 
 For the case of an intact Glu22 (Iowa mutant) bulk environments exhibit a reduced turn 
structure with considerable β structure, and adding K+ further enhances the β structure lifetimes at high 
concentration. These results highlight the importance of the Asp23 in the formation of turns and the 
specificity of the Ca2+ in reversing this trend by targeting the Asp23. On the other hand, the high number 
of water-peptide HBs in the decapeptides with intact Glu22 may indicate that Glu22 is important to the 
solvation of the decapeptide.  Additionally, the effects due to the presence of Ca2+ in the WT and mutations 
are found to be a result of direct contacts between this cation and the decapeptide, while the effects of KCl 
may originate from local volume exclusion. 
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CHAPTER 5: NOVEL WILD-TYPE AΒ21-30 DIMER STRUCTURES AND EFFECT OF CALCIUM 
CHLORIDE ON DIMER STRUCTURE STABILITIES
 (Reproduced in part, from Smith, M. D, Rao, J. S, Cruz, L.“Spontaneous Dimer States of the Aβ
21-
30
  Decapeptide.” Phys. Chem. Chem. Phys. In Review. Copyright, 2014, Royal Society of Chemistry)
5.1  Introduction 
In contrast with the from previous chapters, the focus here is on spontaneous dimer states of Aβ
21-30
, instead 
of monomer folding. Although not previously shown in experiment to be present, here the existence of 
these states is hypothesized, their secondary structure and interpeptide hydrogen-bonding characterized, 
and sample metrics of their stability are provided under bulk water conditions. Further, as previous chapters 
have demonstrated that CaCl2 plays a significant role in adjusting monomer behavior, this chapter also 
examines the effect of three different concentrations of CaCl2 on the both the structural and dynamic 
characteristics of these dimers. 
5.2  Simulation Methodology
 5.2.1 Bulk Water 
Here constant temperature all-atom molecular dynamics simulations (MD) with explicit solvent to are 
used to study both the spontaneous formation of Aβ
21-30
 decapeptide dimers and their mean exit time (i.e. 
lifetimes) from specific dimer conformations. Additionally, we use replica exchange molecular dynamics 
(REMD) simulations to study the temperature dependent stability of these dimers. The Aβ
21-30
 studied here 
has the amino acid sequence AEDVGSNKGA with uncapped and oppositely charged ends. All simulations 
used the OPLS/AA force field5859 with TIP3P56 water, and were carried out with the GROMACS software 
package64-67. To study the dynamics of dimer formation and determine dimer lifetimes we used constant 
temperature (serial) NPT simulations at a temperature of 283K (to correspond with previous work21,24,25) 
and a pressure of 1 atm, being held constant by the Berendsen baro/thermostats79 and with a timestep of 
4fs. To simulate dimer formation, twenty independent, 400ns long trajectories with the initial condition of 
two parallel monomer chains of Aβ
21-30 
spatially separated (by a minimum distance of 15Å) in random-coil 
(open) secondary structure configurations for half of the simulations were generated.
 Dimer lifetimes were investigated by generating twenty, 350ns long trajectories, with half of the 
simulations having an initial configuration of an anti-parallel dimer, while the other half having a parallel 
dimer configuration. For the REMD simulations, two trajectories, one with the initial condition of a parallel 
dimer configuration and the other with an anti-parallel configuration, of length 150ns/replica and timestep 
of 2fs were generated. The REMD simulations used 48 temperatures in the range from 276 to 408K, with 
an average exchange rate of ~30%92. The temperature range was chosen to enhance the sampling of the 
physiologically and experimentally relevant temperature regime. The REMD trajectories were generated 
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using the Nose-Hoover93 thermostat, Parrinello-Rahman94, 95 barostat. A table summarizing the bulk 
simulation details is provided in Table 5.1.
Simulation Type Simulation 
Parameters
Number of 
trajectories
Trajectory 
Length
Initial 
Configurations
Serial: dimer 
formation
GROMACS 4.0.7: 
OPLS-AA force-field, 
TIP3P water, Berendsen 
baro/thermostats, Δt = 4 fs,  
T = 283K, P = 1 atm; 
V~151.3 nm3
20 400 ns Spatially separated 
parallel random-
coils
Serial: dimer 
lifetimes
GROMACS 4.0.7: 
OPLS-AA force-field, 
TIP3P water, Berendsen 
baro/thermostats, Δt = 4 fs, 
T = 283K, P = 1atm; 
V~151.3 nm3
20 (10 per initial 
configuration)
350 ns Parallel; 
Antiparallel dimer 
REMD GROMACS 
4.0.7/4.5.6: OPLS-
AA force-field, 
TIP3P water, Nose-
Hoover thermostat, 
Parrinello-Rahman 
barostat, Δt = 2 fs, T 
= 276-405 K  P = 1 
atm; V~129.5 nm3
2 REMD (1 per 
initial configuration)
150 ns Parallel; 
Antiparallel dimer
Table 5.1 Simulation Details. The size of the periodic box was constructed such that the edges of the box 
were 0.8 nm from any atom associated with either peptide chain. GROMACS 4.5.6 was used for the anti-
parallel replica simulation due to the need for a convenient method for the restarting and continuation of 
replica-exchange simulations without having to read the entire trajectory and generate new input files.
 5.2.1 Calcium Rich Methodology 
Similar to the above, methodology the OPLS/AA force-field, with TIP3P water is used in conjunction 
with the GROMACS software package. To allow comparison between the bulk water and CaCl2 rich 
environments the same temperature and pressure values and coupling listed above are also used here.
 For dimer formation three sets of trajectories were generated with CaCl2 concentrations of 
~0.18M, ~0.3M, and ~0.38M. The initial conformations for these trajectories were the same as those for 
the bulk simulations, with a total of twenty simulations per concentration with the conditions of parallel 
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separated monomers in stretched coil conformations. 
 Dimer lifetimes under the Calcium rich environments follow the same methodology as that 
described in the previous section, with the addition that the simulations were carried out for three 
concentrations (~0.18, 0.3, 0.38M) of CaCl2. However, the additional use of replica-exchange stability 
measures was not carried out for CaCl2 environments, and so temperature dependence of CaCl2’s effect on 
the dimer stability is ignored in the current study. A summary of the CaCl2 simulations is provided in Table 
5.2. 
Concentration (M) Simulation Time (μs)
Formation-Parallel Breaking-Parallel Breaking-Anti
0.18 8 (20 trajectories total) 0.691 (10 trajectories total) 0.762 (10 
trajectories total)
0.30 8 (20 trajectories total) 0.7836 (10 trajectories 
total)
1.001 (10 
trajectories total)
0.38 8 (20 trajectories total) 0.8269 (10 trajectories 
total)
1.006 (10 
trajectories total)
Table 5.2 Summary of Calcium Rich Simulations
 5.2.3 Dimer Measurements Definitions 
To characterize the dimer ensemble, the order parameters: (i) the dot product of each chain’s end-to-end 
vector (P
e
) and (ii) the number of inter-peptide hydrogen-bonds (HB - taken with cut-offs of 3Å and 20°) 
were used. Based on these order parameters, three regions of interest in conformational space were defined, 
where the first two, regions I and II, contained structures with a number of inter-peptide HBs greater than or 
equal to 3, and chain end-to-end vector dot products less than or equal to -0.7 for region I and greater than 
or equal to 0.7 for region II (typical conformations shown in Figure 5.1). The choice of 3 or more HBs as a 
characterizing factor was chosen as the more rigorous and strict cutoff for dimer identification that would 
lessen the number of tail-to-tail, head-to-head, and tail(head)-to-head(tail) states while identifying more 
compact parallel and anti-parallel states. 
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Figure 5.1 Typical conformations from each defined structure: I (anti-parallel), II (parallel), and III 
(unaligned dimers).
5.3  Results
 5.3.1 Dimer Characterizations under Bulk Conditions
Conformation identification and Populations Figure 5.2 shows the average fraction of conformations 
belonging to each region calculated using the serial simulations starting from parallel separated monomers. 
From this figure, it is clear that the peptides reside in one of the three dimeric conformation (either region 
I, II, or III) for approximately half of the total simulation time. It should be noted that because the initial 
configurations of the simulations contained the separated monomers in a parallel alignment, a bias may be 
present for the formation of parallel dimers, but the existence of both parallel and anti-parallel demonstrate 
that both dimer states can spontaneously form. 
Figure 5.2 Average fraction of conformations belonging to each conformational family from the constant 
temperature trajectories. Error bars are the standard error of the mean.
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By doing a histogram of conformations in the given parameter space to produce an energy landscape 
(interpeptide HBs and Pe) shown in figure 5.3, anti-parallel and parallel structures are found to be located 
at local minimums in the landscape. Additionally, the region of the energy landscape associated with the 
III dimer states is nearly flat with a very small minima indicating that these III unaligned dimer states are 
widely varied in structure and that they can easily transition between themselves.
Figure 5.3 Relative Free-energy landscape constructed by using values of the Chain End-to-End dot-
products (P
e
) and inter-peptide HBs from constant temperature trajectories. Roman numerals correspond to 
conformations in Figure 5.1. 
Interpeptide Hydrogen-Bonding Computation of interpeptide HB contact maps, figure 5.4, shows that 
the anti-parallel state is composed largely of interpeptide Ala21-Ala30, Glu22-Lys28, and Asn27-Asn27 
contacts; while parallel states are made up of Glu22-Glu22 and Asp23-Asp23 contacts. An interesting note 
is that the Glu22-Lys28 contacts from the the anti-parallel states have been characterized in other contexts, 
such as in forming the meta-stable β-hairpin associated with the monomer form of the peptide24,25,96,97.
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Figure 5.4 Inter-peptide HB contact maps for: a) anti-parallel, and b) parallel dimers. Different colors 
correspond to the fraction of the total number of inter-peptide HBs for that corresponding dimer type.
Secondary Structure Characteristics Results from the analysis of the secondary structure per amino 
acid from these same serial trajectories, using STRIDE6970, are shown in figure 5.5. These data show that 
on average the secondary structures of each monomer are similar to each other with dominating turn and 
coil structures, and minor peaks in the β-bridge and extended β-sheet conformations. There are, however, 
some key differences, such as the antiparallel (region I) state having reduced C-termini coil propensities 
and higher propensities for extended conformations throughout the peptide, while the parallel state has 
substantially higher bridging propensities. An important observation is that on comparing the secondary 
structure propensities of the anti-parallel dimer states with those of isolated monomers (from Cruz et al24 
and others27, 29), the secondary structure and register of HBs are similar to the intrapeptide register of the 
meta-stable β-hairpin structure, suggesting that the structure found in the monomeric β-hairpin structures is 
preserved in these dimer-states. 
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Figure 5.5 Average per-residue secondary structure propensities for dimers of type I and II. Error bars are 
weight adjusted variances.
Stability Measures Having determined the existence and structure of the dimers, the investigation turns to 
examine the stability of each of these dimer states. For this, we performed two separate measurements. In the 
first, the lifetimes of the dimer states at a temperature of 283K were computed (see methods section for details), 
with longer lifetimes corresponding to higher degrees of stability. In the second method, the relative populations 
of anti-parallel and parallel dimer states from the last 100ns of two independent REMD simulations (one with an 
initial antiparallel dimer conformation and the other with an initial parallel dimer conformation) were calculated.  
 Dimer Lifetimes From the computed lifetimes of the dimer-states shown in figure 6, the average 
lifetimes of the anti-parallel dimers are nearly twice as much of that of the parallel state dimers. One point 
of caution is that while these measurements provide information regarding the stability of regions I and II 
relative to the energy barrier between the dimer conformations, they do not necessarily contain information 
regarding dimer dissociation or association rates. Given the low, but significant, value of these lifetimes (<1 
μs), the data suggests that these dimer states are meta-stable. 
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Figure 5.6 Dimer lifetimes for each trajectory. Averages are represented as horizontal lines with error bars 
representing the standard error of the mean.
 Temperature Dependence Using data from the REMD simulations, we generated both energy 
maps (figure 5.7) and measures of population fractions (figure 5.8). These data suggests that both dimeric 
conformations are abundant at temperatures at or below 330K and of these, the anti-parallel may be more 
prevalent. To quantify which of the two dimers is more stable over the tested temperature range, the 
fraction of conformations of a given dimer type per replica temperature (figure 5.8) was calculated. These 
data reveal that at or below physiological temperatures (310 K), anti-parallel dimers (region I) are more 
prevalent (and thus more stable) than parallel dimers (region II).
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Figure 5.7 Relative Free-energy landscapes at different temperatures for the last 100 ns of both parallel (top 
row) and anti-parallel dimer conformations from the REMD simulations. Normalization is preserved across 
temperatures and dimer types allowing for direct comparison. Red/Blue indicate minima and maxima, 
respectively.
Figure 5.8 Population fractions of the I and II region dimer conformations as a function of temperature. The 
fractions were measured using the last 100 ns from each REMD trajectory. 
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 5.3.2 Calcium Rich Simulation Results
Dimer State Distribution Although construction of energy-landscapes are possible from the Calcium 
rich simulations; the bounds in the y-axis (as will be mentioned in the section on interpeptide HBs) 
is incompatible with that of the bulk, making comparison difficult. To make comparisons to the bulk 
simulations, due to the above limitation, it is much clearer to examine the average fraction of simulation 
time used in mapping the minima correlated with the dimer states listed above. This is shown in figure 5.9, 
and is much akin to figure 5.2, with the same measure being presented. From this plot, it is obvious that the 
inclusion of CaCl2 does not completely eliminate the dimer signal. As before, it is important to note that 
these formation simulations may be influenced by biases from the initial conformation, and as such can 
only be used as a gauge as to whether or not dimer states can be sampled.
Figure 5.9 Dimer/Non-Dimer populations with varied CaCl2 concentration. Error bars are standard error of 
the mean.
68
Structure Measures 
Secondary Structure Characteristics Secondary structure measurements, per residue, were carried for 
all identified parallel and anti-parallel dimer sates in each formation trajectory and are presented in figure 
5.10. For the parallel dimers, the minor signal associated with extended β structures found in bulk is nearly 
eliminated. Aside from the concentration of 0.18M, it is interesting that the β-bridges near Glu22/Asp23 
continue to exist. An additional point of interest is that at both the 0.3M and 0.38M concentrations, one 
chain is found to have substantially more coil structure than the other, at the cost of reducing the propensity 
for turn structures, while the other remaining chain has an increase in turn structure and a reduction in coil.
Interpeptide Hydrogen-Bonding To further evaluate modifications to the structures of the dimer states, 
beyond those identifiable by secondary structure classification, HB contact-maps were produced and are 
presented in figure 5.11. An additional note before turning to the HB contact-map is that with the addition 
of CaCl2, the maximum number of interpeptide HBs increases. Although modifications to secondary 
structure were minor, it is clear, even from a cursory view of figure 5.11, that the interpeptide HB network 
is substantially modified by the addition of CaCl2, though to differing extents between anti-parallel and 
parallel dimer-states. 
Figure 5.10 Dimer secondary structure propensities under CaCl2 concentrations. Error bars are standard 
error of the mean.
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Figure 5.11 Dimer Interpeptide HB maps under CaCl2 concentrations. 
 For anti-parallel dimers, at all concentration of CaCl2, HBs between the charged residues 
vanish; however, at concentrations below 0.38M, D23 now plays a dominate role by undergoing HB 
with N27, while E22-K28 is absent. An additional note of interest is that the appearance of E22-D23 and 
V24-V24 (head-to-head) anti-parallel HBs are reduced with concentration. Finally in anti-parallel dimer, 
new interpeptide HBs in the core of the peptide (V24, G25, and S26) are introduced with increasing 
concentration,. 
 Parallel dimer states, much like the anti-parallel states are also modified by the addition of CaCl2; 
though, the extent of the changes is less pronounced until reaching the maximum tested concentration. 
Of these more subtle changes, is the increase in N27-N27 contacts at all CaCl2 concentrations (despite no 
explict trend with concentration), and the reduction of A21-A30 contacts at concentrations above 0.18M. 
An additional observation is that the number of different of interpeptide HBs is increased for 0.18M and 
0.3M CaCl2, while substantially reduced at 0.38M. 
Dimer Lifetime Measurements Measurements of the dimer lifetimes under CaCl2 concentrations (figure 
5.12) clearly show a substantial decrease in the lifetimes of anti-parallel dimer states. Along with this 
decline, there is a marginal (within error bars) increase in parallel lifetimes at 0.3 and 0.38M, though the 
overall lifetimes of these parallel states remain below the previous bulk measurements for the anti-parallel 
state. 
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 5.3.3 Modifications to Hydration and Ion Contacts
Calcium Contacts Examining the average number of Ca2+ contacts per frame for each residue (figure 5.13) 
shows that overall, contacts increase with concentration, though, a saturation may occur for concentrations 
greater than 0.3M. Additionally, contacts are located predominately at the N-Terminus of the chains 
(E22/D23) and at the charged C-terminus. An interesting note is that with increasing concentrations, the 
uncharged residue G25 does frequently have contacts, with a maximum near 0.3 contacts/frame.
Figure 5.12 Dimer Lifetimes under CaCl2 concentrations. Dashed lines are lifetimes measured in the 
absence of CaCl2. Error bars are standard errors of the mean.
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Figure 5.13 Cation contacts per residues. Error bars are standard error of the mean.
Hydration-shell Water Hydrogen-bonding The average number of protein-water HBs was calculated 
and is presented in figure 5.14. The figure shows that the previously identified trend (see Chapters 3 & 
4) associated with the addition of CaCl2 (the reduction of water-protein HBs with the addition of CaCl2)
continues. 
Figure 5.14 Water-Protein HBs per CaCl2 concentration. Error bars are standard errors of the mean. 
72
5.4  Discussion 
To summarize the findings for the bulk water simulations, it was shown that the Aβ
21-30
 decapeptide 
fragment may spontaneously dimerize into both antiparallel and parallel conformations. Further, the 
serial formation simulations revealed that the antiparallel and parallel states have only minor differences 
between their secondary structures, and that the antiparallel state has interpeptide HBs with similar 
registers as intrapeptide HBs found in the meta-stable β-hairpin motif of the isolated monomers, which 
is in close correspondence to work by Anand et al98. These two results indicate the strong influence that 
the structure of the monomer has on the structure of the dimer. In addition, by using REMD and serial 
lifetime simulations, we were able to observe that of the two dimer configurations, the anti-parallel 
appears more frequently than the parallel state at physiological temperatures and has a greater lifetime 
at 283K, suggesting that it is likely more stable. The observation that average lifetimes of these states 
are in the sub-microsecond regime plus the observation (from the REMD) that populations of the dimers 
near physiological temperatures are found to be at most ~25% suggest that both states are meta-stable. 
Additionally, observation that antiparallel states are more stable than parallel states suggests that low 
weight oligomers may gain some degree of stability by forming antiparallel motifs, corresponding to the 
observation by Cerif et al99 that oligomeric forms of Aβ are significantly anti-parallel in make up.
 With the inclusion of CaCl2 to the simulations, four clear modifications to the structural and 
dynamic characteristics of the dimers are made: 1) SBs between charged residues are reduced resulting 
in shifting registers in the anti-parallel dimer-state, 2) the presence of CaCl2 reduces the stability of the 
antiparallel state and slightly increases the stability of the parallel state, 3) with increasing concentration, 
coil propensities in both dimer states are readily increased at the cost of only turn structures, and 4) with 
increasing concentration of CaCl2, the number of water-protein HBs is reduced.
 It is interesting to note that of the changes listed above to the dimer, many are in common with 
the modifications found when the monomer is exposed to CaCl2 (see Chapters 3 and 4), though one major 
difference exists: even with screening of HBs between charged residues, as shown in figure 5.14, extended 
β structures continue to be present, whereas they were reduced in monomer studies. In the previous 
monomer work (Chapter 3 and the discussion of Chapter 4), it was argued/shown that the mechanism by 
which protein-water HBs are reduced is by salt-peptide contacts which strip HBs from the charged residues 
and trap the hydration-shell water molecules near by (the increase in hydration-shell lifetimes). Further, 
this trapping of water molecules was asserted to prevent the formation of turn and extended β structures, as 
the trapped waters can no longer be easily evacuated from the hydrophobic region of the monomer while 
the peptide attempts to collapse onto itself in the production of turn and β structures. In the case of anti-
parallel dimers, the same screening of electrostatics is still occurring (as noted above) and the water-protein 
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HBs are reduced. Asserting that from this it is a safe assumption that the ions associated with the peptide-
ion contacts, when the peptide are in the dimer state, are still “trapping” nearby water molecules and 
promoting coil formation. Unlike in the monomer case, however, there are now two monomers near each 
other and the even though the production of open states is enhanced by CaCl2’s water “trapping”, the fact 
that there are now two hydrophobic regions, provides the peptides with alternative to the evacuate-collapse 
method of forming β  structures, that being the alignment of the two hydrophobic regions to reduce there 
exposure to the solvent. This can be seen in that the register of the extended β structures, in the anti-parallel 
dimers, are now shifted from their bulk states. Furthermore, it is interesting to consider that the screening 
of electrostatic interactions between the two dimers by the presence of salt may explain the decrease in 
anti-parallel lifetimes, as Aβ
21-30
 is predominantly charged/hydrophillic and with this screening of ost 
electrostatic interactions, the stablization of the anti-parallel state is reduced.
  For the parallel case, the additional trapped waters may serve another purpose, that being 
the possible formation of water-bridges which allow the similarly charged E22 and D23 to make the 
interpeptide contacts with E22 and D23 of the other chain more strongly than they had in bulk. In order to 
examine this possibiliy, however, additional simulations are necessary, as the sampling of parallel formation 
from the current work is limited; though if these water-bridges exist, it is possible they may contribute a 
stabilizing effect that was absent from parallel dimers in bulk and may account for the minor increase in 
parallel lifetimes.
 As a final remark, it is of interest to note that with the observed decrease in anti-parallel lifetimes 
and the continually low lifetimes of parallel states, we hypothesize that the reason NMR signals associated 
with these dimer states are not obvious in the work of Fawzi28 is that either minor contamination (or simply 
the presence of NaOH in the solvent) along with the already sub-100ns lifetimes of parallel dimer states, 
may be enough to make the signal too weak to see without further analysis. 
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CHAPTER 6: REVIEW AND OUTLOOK 
6.1  Contact-based, Hydration-shell modifications, and Crowding Mechanisms
 Throughout the previous three chapters it has been demonstrated that ions can and do influence the 
dynamics of Aβ
21-30
. Further, examination of ion-residue contacts (Chapters 3-5), changes to water-protein 
bonding (Chapters 3-5) and hydration-shell lifetimes (Chapters 3 & 4) have shown that the interactions 
between ions and the protein are highly dependent on the role of electrostatic interactions within the 
protein itself, along with the location of charged residues relative to hydrophobic residues. This is obvious 
when considering how the influence of CaCl2 on the structure and dynamics of Aβ21-30 is weakened for the 
Dutch, Arctic, and Iowa mutations of Aβ
21-30
 compared to the wild-type. In addition, the presented work 
has demonstrated that along with just simple electrostatic screening, contacts between charged residues and 
aqueous salts are closely connected with modifications to protein hydration through both trapping of water 
molecules and disruption of protein-water hydrogen-bonding. This is clear in noting that for simulations 
with KCl, changes to hydration are negligible, which is reasonable as contacts are minimal.
 The puzzling effect of KCl on the structures and dynamics of Iowa (and to a lesser extent WT 
Aβ
21-30
), is particularly interesting as it highlights a peculiar problem which requires further study. As no 
ion-residues contacts are present (along with coupled hydration modifications), it is necessary to consider 
additional interaction schemes. An obvious candidate if the ions were instead neutral non-interacting 
bodies, would be molecular crowding. Although not typically considered to be a feature of aqueous salts, 
the work in Chapter 4 does demonstrate that within the local environment of the protein, ions which have 
little to no contact-based interactions, can influence the dynamics of the protein through a local crowding-
like mechanism. 
 Looking back at the previous paragraphs leads one could pose he conjucture that ion-protein 
interactions need not be simply electrostatic screening, but instead that indirect crowding-like behavior 
along with the contact-based screening and hydration modifications, shown in the above work, are critical 
characteristics of ion-protein interactions. Further, comparison between the contact-based interactions 
and in-direct crowding-like behavior suggests that if ion-residue contacts are present, their effects will be 
significantly greater than ion-related crowding.
6.2   Possible Mechanism for Increased Aβ Fibrilization with CaCl2 Exposure
 From the results of Chapters 3-5, particularly the results of simulations under CaCl2 rich 
environments, it is possible to pose a hypothesis regarding the molecular origin of the increase in Aβ fibril 
formation under CaCl2 environments noted by Issacs et al 
76. Chapters 3-4, noted that CaCl2 typically 
increases the coil propensities of the Aβ
21-30
. This suggests that CaCl2 may allow the full-length peptide to 
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remain more elongated and as a result may provide additional interpeptide contact sites that would enhance 
aggregation. An interesting contrast to this is that the presence of CaCl2 dramatically decreases the lifetimes 
of anti-parallel dimers in the 21-30 region, which may suggest reduced aggregate stability of the full-length 
peptide; however, this would ignore the fact that 21-30 is pinned between two highly hydrophobic regions 
whose interpeptide interactions will greatly increase aggregate stability. To recitfy these contrasting effects 
it is possible that the stability of aggregates of the full-length peptide likely has little connection to the 21-
30 region; though, following the work of Anand98, the aligning of the 21-30 regions in the dimerization 
process may still be an initial stage the assembly of full-length aggregates. As a result, since CaCl2 is able 
to reduce the stability of antiparallel dimers through ion-residue contacts, this may predispose the dimer 
to parallel alignment which according to previous work by Cerif99, is more likely in fibrils. Coupling 
this parallel predisposition and enhanced coil structures in the 21-30 region under CaCl2 may serve as a 
mechanistic explanation of the experimentally observed increase in fibril formation of Aβ
1-40
.in the presence 
of the CaCl2
76
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APPENDIX A
 Listed in Appendix A are select analysis scripts used in the development of the measures discussed 
in the main text. The code presented here is solely for achival purposes and only includes minimal 
comments on their use.
#!/usr/bin/awk
#ss_coarsegrained.awk 
{ 
if($2 == "E"){if($10 == "E" ){print $1, "B19"} else if($9 == "E" && $10 != "E"){print $1,"B18"}} 
else if( $3 == "E"){if( $10 == "E"){print $1,"B29"} else if( $9 == "E" && $10 != "E"){print $1, "B28"} 
else if( $9 != "E" && $10 != "E" && $8 == "E"){print $1, "B27"}}  
else if( $4 == "E"){if( $10 == "E"){print $1,"B39"} else if( $9 == "E" && $10 != "E"){print $1,"B38"} 
else if( $9 != "E" && $10 != "E" && $8 == "E"){print $1,"B37"}} 
else if( $5 == "E"){if( $10 == "E"){print $1,"B49"} else if($9 == "E" && $8 != "E"){print $1,"B48"}} 
else if($3 == "B" || $4 == "B" || $5 == "B" || $6 == "B" || $7 == "B" || $8 == "B" || $9 == "B" || $10 == "B"  
){print $1,"Bridge"} 
else if($2 == "G" || $3 == "G" || $4 == "G" || $5 == "G" || $6 == "G" || $7 == "G" || $8 == "G" || $9 == "G" 
|| $10 == "G" || $11 == "G"){if( ($2 == $3 && $3 == $4) || ($3 == $4 && $4 == $5) || ($4 == $5 && $5 == 
$6) || ($5 == $6 && $6 == $7) || ($6 == $7 && $7 == $8) || ($7==$8 && $8 == $9) || ($8 == $9 && $9 == 
$10) || ($9 == $10 && $10 == $11) ){print $1,"H310"}} 
else if($2 == "H" || $3 == "H" || $4 == "H" || $5 == "H" || $6 == "H" || $7 == "H" || $8 == "H" || $9 == "H" 
|| $10 == "H" || $11 == "H"){if( ($2 == $3 && $3 == $4) || ($3 == $4 && $4 == $5) || ($4 == $5 && $5 == 
$6) || ($5 == $6 && $6 == $7) || ($6 == $7 && $7 == $8) || ($7==$8 && $8 == $9) || ($8 == $9 && $9 == 
$10) || ($9 == $10 && $10 == $11) ){print $1,"AHelix"}} 
else if($2 == "I" || $3 == "I" || $4 == "I" || $5 == "I" || $6 == "I" || $7 == "I" || $8  == "I"|| $9 == "I" || $10 == 
"I" || $11 == "I"){if( ($2 == $3 && $3 == $4) || ($3 == $4 && $4 == $5) || ($4 == $5 && $5 == $6) || ($5 
== $6 && $6 == $7) || ($6 == $7 && $7 == $8) || ($7== $8 && $8 == $9) || ($8 == $9 && $9 == $10) || 
($9 == $10 && $10 == $11) ){print $1,"PiHelix"}} 
else if( ($2 == "T" && $11 == "T") || ($3 == "T" && $4 == "T" && $5 == "T" && $6 == "T") || ($4 == 
"T" && $5 == "T" && $6 == "T") || ($5 == "T" && $6 == "T" && $7 == "T") || ($7 == "T" && $8 == 
"T" && $9 == "T" && $10 == "T")){print $1,"Turn"} 
else {print $1,"Coil"} 
}  
#!/usr/bin/awk
#Morecoarse.awk; Use after ss_coarsegrained.awk
{
if($2 ~/^B/){print "Beta"} 
else if($2 ~/H310/ || $2 ~/PiHelix/ || $2 ~/AHelix/){print "Helix"} 
else {print $2}
} 
#Perl code to compute ion-residue contacts per frame averages & standard errors
#!/usr/bin/perl use warnings; 
if (@ARGV < 1){ 
 die "Requires input file \n"; 
 } 
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open(INPUTFILE, $ARGV[0]); 
my %sumhash; 
my %HoA; 
my @line; 
my $element; 
my $avg; 
my $stderr; 
while(<INPUTFILE>){ 
 chop;  
 @line = split(' ');  
 ${ sumhash{$line[0]} } +=$line[1];  
        push @{ $HoA{$line[0]} }, "$line[1]"; 
 } 
foreach $element ( keys %HoA){  local $size = @{ $HoA{$element}};  
 $avg = $sumhash{$element}/$size;   
  foreach $temp (@{ $HoA{$element}}){  
  $stderr+=(($avg - $temp)*($avg -$temp)); 
   }  
 if($size > 1){  
 $stderr=sqrt($stderr/($size-1))/sqrt($size);    }
  else {$stderr=0;}  
 print "$element \t Avg: \t $avg \t Stderr: \t $stderr  \t $size \n";  $stderr=0; 
 } exit  
#Hydration-Shell Residence Time
#average residence times for a multi-dimensional time series 
NR==1{for(i=1;i<NF;i++){a[i+1]=$(i+1)} for(m in a){b[a[m]]=1;c[a[m]]=4}};  NR>1{         {for(l in a)
{                  for(j=1;j<NF+1;j++){ 
     if(j<NF){
                        if(a[l]==$j){b[a[l]]++; if(c[a[l]]<4){c[a[l]]++}; break}
   }   else{ 
                              if(a[l]==$j){b[a[l]]++} else{c[a[l]]--;        
      if(c[a[l]]==0){delete a[l];delete c[a[l]]}         }    
     } 
    } 
   } 
        }
   }
        END {for(k in b){print k, b[k]}} 
----------------------------------------------------------------------------------------------------------------------------
#TCL/VMD script to compute dimer dot-products per frame
####Chain A and Chain B end to end vector dot products 
####Only works for Ab21-30 WT (can be generalized)
proc End2End_dot {} {
        set outfile [open ChainAChainB_dot.dat w]
        set NtermiA [ atomselect top "index 0"]
        set CtermiA [ atomselect top "index 124"]
        set NtermiB [ atomselect top "index 127"]
        set CtermiB [ atomselect top "index 251"]
        set nf [molinfo top get numframes]
for {set j 0} {$j < $nf} {incr j} {
          $NtermiA frame $j
          $CtermiA frame $j
          $NtermiB frame $j
85
          $CtermiB frame $j
          set vec_ChainA [ vecsub [lindex [$NtermiA get {x y z}] 0] [lindex [$CtermiA get {x y z}] 0] ]
          set vec_ChainB [ vecsub [lindex [$NtermiB get {x y z}] 0] [lindex [$CtermiB get {x y z}] 0] ]
          set magnitude [expr [veclength $vec_ChainA] * [veclength $vec_ChainB] ]
          set dot [expr [vecdot $vec_ChainA $vec_ChainB]/$magnitude ]
        puts "Dot Chain A/Chain B: $j  $dot "
        puts $outfile "$j $dot"
        }
        close $outfile         
 } 
#TCL/VMD Script to extract frames given a file with frame ID's for extraction
proc extract_select_frames {{file ""} {mol top} } {
 # open file if given
    set file_given 0
    if {$file != ""} \
     {
       set input [open $file r]
                set file_given 1
      }
    if {$file_given !=1} {
          return 0
        }
set output [open "output.pdb" w]
while { ! [eof $input] } {
        lappend frames [gets $input ]
        }
close $input
foreach x $frames {
        animate goto $x
        display update
        set sel [atomselect top "all" frame $x]
        $sel writepdb tmp1.pdb
        # read temp file and append it to the file opened above
        set fileXd1 [open "tmp1.pdb" r]
        set s [read $fileXd1]
        close $fileXd1
        puts $output $s
        }
} 
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APPENDIX B
Force-Field Comparision and Water Model Justification
Methods
 In order to examine the effects of various force-fields on the dynamics of the Aβ
21-30
, decapeptide 
(AEDGVSNKGA), the following force-fields are used: 1. OPLS-AA3, 4, 2. AMBER992, 3. AMBER99SB8, 
4. AMBER99SB-ILDN9, 5. AMBER037, 6. Charmm27/22-CMAP5,6,10, and 7. GROMOS53A61.  To test the 
preceding list of force-fields for biases, the GROMACS 4.5.6 software package34-37 was used to generate 
500ns long, independent trajectories of the decapeptide’s folding dynamics from an initial conformation 
of a stretched extend coil for each of the above listed force-fields. In order to account for the additional 
complication of possible solvent model dependent bias, fifteen trajectories for each force-field were 
generated, with five trajectories using the TIP3P water model, five more using the TIP4P water-model38, 
and the remaining five with the SPC/E39 water model (with the exception of GROMOS53A6 which lacks 
parameters for the TIP3P and TIP4P water models). Uniform among the trajectories is that the pressure 
of 1atm, temperature of 300K, and periodic box of ~120nm3 are kept constant, with the temperature and 
pressure preserved using Parrinello-Rahman40,41 and V-rescale42 thermo/barostats, respectively. Further, 
each system is prepared such that the decapeptide is first centered and solvated, along with the replacement 
of a single water molecule with a Na+ cation to give the entire system a net charge of zero. Once the system 
is charged neutralized and solvated, energy minimization using 1000 steepest decent steps is performed 
followed by a short 20ps position restraint simulation (using SETTLE43 and LINCS44) are used to relax 
the system. Once these preliminary steps are complete the system undergoes a production run with a 2fs 
timestep and a frame recording rate of 1ns. The total amount of simulation time for all trajectories produced 
is 47.5μs.
 Presented for here are measures of secondary structure and these measures were obtained using the 
VMD software package45 and STRIDE plug-in46, 47.
Results
 Secondary Structure Figure A1 presents a summary of the distributions of secondary structures 
for each force-field and water model-combination using a modification to a previous STRIDE based 
classification scheme. The data presented in figure A1 shows that the more recent forms of AMBER99, 
AMBER99SB-ILDN, CHARMM, and GROMOS53A6, sampled extended β structures (regardless of 
water-model) at most ~1%, while OPLS-AA spent between between ~3-9% (on average), with OPLS-
AA having decreased sampling under TIP3P and SPC/E. Further comparison between the water model 
dependencies of this sampling over the force-fields reveals that the Amber family and CHARMM27-CMAP 
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have negligible difference in sampling between water models.
 Helix formations, interestingly, have reversed trends from the sampling of the extended β and 
bridge secondary structures, with only the OPLS-AA and GROMOS53A6 force-fields having minimal 
sampling. Of those that do exhibit sampling of helical structures, AMBER03 and CHARMM27-CMAP 
are the most predominate, with AMBER99SB-ILDN, AMBER99, and AMBER99SB following. Unlike 
the small variations in sampling as a result of water choice found for the bridge structure, substantial 
differences are evident, with variations within force-field choice being the largest in AMBER99 and 
CHARMM27-CMAP. Closer examination of the water dependent variations, however, show that aside 
from CHARMM27-CMAP-SPC/E, error bars between force-field/water typically overlap, indicating that 
the water dependence, although apparent for this measure, is fairly weak. 
 Unlike the β, bridge, and helix secondary structure categories, turn structures sampled by all 
force-field and water model combination. Further, outside of OPLS-AA/TIP4P (and to a lesser extant 
AMBER99SB) water model variations are minor. An additional point of interest is that OPLS-AA with 
TIP3P (or SPC/E) and AMBER99 have significant differences in the sampling of turn compared to the 
other force-field/water model combinations. Examination of this difference and comparison to the other 
sampling of the other secondary structure categories reveals that a driving factor of this splitting between 
the other force-field/water model combinations and the above, is that the production of helix and/or β/
bridge structures diminished the sampling of the turn structures. 
 
Figure A1 Percentage of Trajectory in a given Secondary Structure. Errors are standard error of the mean.
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